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GENERAL ABSTRACT
c rv

Propanil (3,4-dichloropropionanilide)

VS

y^NH-C-CH 2CHj

is a contact herbicide that

is used for post-emergence control of weeds on rice, wheat, and potato production in the United
States. The total seasonal application of propanil in the U.S. alone is about 7-9 million pounds.
Approximately 70% to 80% of the total U.S. rice crop is treated with propanil each year.
The acute propanil i.p. exposure has been demonstrated to be able to induce central nervous
system depression, loss of righting reflex, and cyanosis in animals. It has also been reported that
propanil causes methemoglobinemia in rats which is possibly due to the degradation of the
herbicide to N-hydroxy-3,4-dichloroaniline and 6-hydroxy-3,4-dichloroaniline. Previous studies
on propanil immunotoxic effects have demonstrated that it changes the lymphoid organ to body
weights, including splenomegaly and thymic atrophy. Propanil inhibits humoral immune response
in animals by reducing the T-dependent and T-independent antibody production. It suppresses the
cell-mediated immunity by reducing helper T cell proliferation, cytotoxicity of NK cells, and
contact hypersensitivity response (CHR), although cytotoxic T lymphocyte (CTL) activity is not
affected by propanil. In addition, macrophage cytotoxicity and its cytokine profile have also been
altered by acute i.p. propanil treatment.
The first hypothesis of our study is: propanil significantly inhibits cytokine production by
murine macrophages which may contribute to the overall immunotoxicity of this herbicide. Our in
vivo studies demonstrate that i.p. propanil exposure significantly inhibited IL- , TNF-a and EL-1P
6

production by thioglycollate-elicited peritoneal macrophages (PECs). Acute oral exposure with
propanil also demonstrates that both 3 and 7 day post-exposure cytokine production by PECs was
reduced. Moreover, only 7 day post-exposure with the primary metabolite of propanil, 3,4dichloroaniline (DCA), resulted in the inhibition of cytokine production. It has been reported that
DCA is formed during the metabolic breakdown of propanil within 48 hours of propanil
administration, and its levels in animal organs dropped thereafter, indicating the further metabolism
of DCA and the generation of its subsequent metabolites. Therefore, we conclude that the

l
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immediate inhibitory effects (3 day post-exposure) of propanil on cytokine production are due to
the direct toxicity of propanil on macrophages, and the delayed inhibitory effects (7 day post
exposure) are caused by the metabolites of DCA. The in vitro propanil or DCA exposure confirms
this conclusion by showing that it took 10 times the concentration of DCA than that of propanil to
inhibit cytokine production at a similar degree. Since IL- , TNF-a and IL-1P are important
6

multifunctional proinflammatory cytokines involved in generating both humoral and cell-mediated
immune response, the reduction of all three cytokines by propanil treatment may, at least in part,
contribute to the previously demonstrated overall immunotoxicity of propanil.
The hypothesis for our mechanistic study of propanil is that propanil affects macrophage
cytokine production at the level of pre-transcription. Northern blot analysis for IL

- 6

and TNF-a

shows that the inhibitory effects of propanil on cytokine production are at the message levels
which were reduced approximately the same amount as the protein levels. Coincident reductions in
protein and message levels point to a pre-translational target for propanil, including reduced
signaling, transcription, or mRNA stability. The studies on cytokine mRNA stability demonstrate
that the degradation rates for IL

- 6

and TNF-a mRNA were not affected by propanil treatment.

However, the measurement of intracellular Ca2+demonstrate that propanil treatment completely
abrogated the LPS-induced release of intracellular Ca2+in macrophages. Moreover, the level of
inositol-1,4, 5-trisphosphate (TP3), a direct inducer of intracellular Ca2+release, was increased in
propanil-treated macrophages. Thus, we conclude that the action of IP is blocked by propanil
3

leading to the abrogation of intracellular Ca2+influx. As a result, the LPS-induced cytokine
production is inhibited by propanil. Structural comparison of propanil and IPj molecules using
Alchemy™ computer program demonstrates that there is sufficient similarities between the two
molecules that propanil may be competing with IP for the binding of IP Rs. Therefore, our
3

3

mechanistic studies suggest that propanil inhibits cytokine production at the pre-transcriptional
level. The proposed model of propanil’s action in macrophages may account for the broad

2
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immunotoxicity of propanil, since IPj is a common signal used by many different types of cells in
response to various extracellular stimuli.
Taken together, our findings provide an explanation for the propanil-induced overall
immunotoxicity at the cellular level, and a mechanism for propanil’s action at the molecular level.

3
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LITERATURE REVIEW
CHAPTER 1. PROPANIL
L

General Usage and Environmental Pollution by Propanil.

Herbicide Use

^

c rC

VJ

\= S

Propanil (3,4-dichloropropionanilide)

V m c-cH iC H j

is a contact herbicide

that is used for post-emergence control of weeds on rice, wheat, and potato plants in the United
States (Dahchour, etal., 1986). These plants are capable of enzymatically degrading the
herbicide, therefore, making them resistant to the compound while common weeds are killed
(Mateunaka, S. 1968; Still and Kuzirian, 1967; Still, G. G. 1968). The herbicide is normally
applied several times during the growing season at a rate of 3-6 pounds per acre. Therefore, the
total seasonal application of propanil in the U.S. alone is about 7-9 million pounds (United States
Environmental Protection Agency. 1987).
Environmental Pollution
The major source of environmental pollution by propanil is through aerial and ground
spraying (USSR State Committee for Science and Technology. 1984). Environmental studies
have demonstrated that although the mobility of propanil in soil was relatively slow, it
progressed into the working zone air as well as the ambient air during aerial spraying of paddy
field (USSR State Committee for Science and Technology, 1984). It may also enter aquatic
ecosystems by runoff or through carelessness during application (USSR State Committee for
Science and Technology. 1984; Chaiyarach, etal. 1975). In addition, propanil can accumulate in
fish, shrimp, snails, and phytoplankton. Secondary uptake may result from its evaporation from
the soil surface (USSR State Committee for Science and Technology, 1984).
Pollution by propanil in aquatic systems has been studied more extensively than that in
the soil and in the air. Yarbrough e ta l (1977) have studied the acute toxicity of propanil to
fingerling channel catfish in agricultural ponds and in proximity to cotton and soybean farms,
whose production is an important industry in Mississippi and Arkansas. They reported that

4
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propanil was potential hazard to catfish production by showing that at

1 0

ppm propanil, resulted

in more than 10 % death of the catfish in 48 hours. Schlenk and Moore (1993) studied the
distribution and the elimination of propanil in the channel catfish using , C-propanil. They found
4

that maximal uptake of , C-propanil was achieved between
4

8

and 12 hours, and % of the
8

absorbed radioactivity persisted in the animal even after 144 hours. They also demonstrated that
intestine, abdominal fat, and liver possessed the greatest levels of radioactivity over time. Bile
possessed approximately 23% of the remaining radioactivity in fish after 48 hours, other sites
possessing > 10% of radioactivity after 48 hours were blood and muscle. The toxic level of
propanil to mosquitofish has also been demonstrated in the low ppm range (Fabacher and
Chambers, 1971). Beneke etal. (1988) reported that intact freshwater snails were affected by
propanil by showing less activity. The decreased mobility may be explained by a direct action of
propanil on the muscle cell membranes where the herbicide impaired specific Ca +-mechanisms,
2

although this mechanism was not clearly studied at the molecular level (Schwippert and Beneke,
1987). Propanil at concentration (0.05 mM) has also been found to delay snail egg-maturing and
increase the total number of dead embryos (Kosanke, et al 1988). The ecological significance of
these investigations of propanil's toxicity to aquatic organisms lies in the abundance of aquatic
organisms, their ecological importance in aquatic food webs, and their use as a food source by
man.

n.

Propanil Metabolism.

Overview
When propanil is applied in the field, it undergoes various conversions in plants, water
and soil. It has been shown that over 90% of the applied herbicide is in soil, among which 80%
is metabolized during the growing season by microorganisms and enzymes. About 5% of the
propanil in soil is subjected to photodecomposition and nearly the same percentage is bound by
organomineral soil colloids. It is also estimated that no more than 2 % of the herbicide and its

5
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metabolites are carried by water beyond the rice fields (USSR State Committee for Science and
Technology. 1984).
In Plants
The phytotoxicity of propanil on weeds is demonstrated by reductions in plant growth,
respiration, and oxidative phosphorylation (Bartha and Pramer, 1970). The selectivity of the
herbicide dependents on its stability in plants. Resistant plants are capable of metabolizing and
detoxifying the herbicide, but sensitive plants are unable to do so and therefore, destroyed.
The metabolism of propanil by plants has also been studied. Propanil-14C is best suitable
for this type of study. Although propanil was detoxified by hydrolysis in rice and other resistant
plants, sensitive plants, such as barnyard grass, were unable to transform the compound (Bartha
and Pramer, 1970). Investigations of Still and Kuzirian (1967) demonstrated that issue
homogenates and partially purified enzyme preparations from leaves of resistant and sensitive
plants had significantly different acylamidase activity, in which the former has much greater
acylamidase activity than the latter. Radioautography revealed a number of different products
resulted from propanil degradation, but of these, only 3 ,4-dichloroaniline (DCA) was identified
(Still and Kuzirian, 1967). DCA may be further converted to N-(3,4-dichlorophenyl)glucosylamine and other more complex unknown substances. The major portion of the DCA,
however, is found associated with polymeric plant constituents, mainly lignin. Three, 3’, 4 ,4 ’tetrachloroazobenzene (TCAB) has not been identified as a product of DCA metabolism in rice
plants, therefore, the toxic effects caused by propanil through ingestion of the contaminated rice
products are not associated with the TCAB-induced toxicity (Bartha and Pramer, 1970).
In Soil
Soil samples treated with approximately 500 ppm of propanil demonstrate an initial
increase and subsequent decrease in carbon dioxide production (Bartha and Pramer, 1970). It
has been suggested that in soil the herbicide molecule was hydrolyzed to propionate and DCA
(Bartha, etal. 1967; Bartha and Pramer, 1967). The propionate was oxidized in part to carbon
dioxide, but the DCA remained and caused a decrease in soil respiration through an unknown

6
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mechanism(s). It has also been suggested that the transformation of propanil in soil was
mediated by microorganisms, since various microorganisms produce acylamidases with
substantially different activities and substrate specificities to cleave the C-N bond and free the
side chain of acylanilides (Bartha and Pramer, 1970). Therefore, a pathway of propanil
transformation in soil was proposed: The initial step involves the cleavage of the herbicide
molecule to propionic acid and DCA by acylamidase that is presumably of microbial origin.
Propionic acid is subsequently metabolized by soil microorganisms to carbon dioxide and water.
DCA is peroxidized via the 3,4-dichloroanilino free radical to 3,4dichlorophenylhydroxylamine. DCA and 3,4-dichlorophenylhydroxylamine react to produce 3,
3', 4 ,4'-tetrachlorohydrazobenzene, which is then oxidized to TCAB (Bartha and Pramer, 1970).
In fact, the formation in soil of DCA was already detectable on the first day after the
herbicide application. For the first two days, the rate of propanil transformation into DCA was
about 30%. In a situation of flooding, the growth of microorganisms was greatly stimulated,
which prompts the breakdown of propanil and an immediate increase of DCA content (USSR
State Committee for Science and Technology, 1984). In soil, the microorganisms that are
responsible for the degradation of acylanilides to the corresponding aniline were identified as
Pseudomonas strists. Fusarium solani and species of Penicilium and Pulullaria (Bartha and
Pramer, 1970; Chisaka and Kearney, 1970; Lanzilotta and Pramer, 1970a; Lanzilotta and Pramer,
1970b).
In Aquatic Environment
Studies have been carried out on the persistence of propanil in aquatic environments. It
has been suggested that chemical hydrolysis of the herbicides is of minor significance with
regard to their biodegradation. During a study of chemical hydrolysis of propanil, it was
discovered that this herbicide was relatively rapidly degraded in non-sterile distilled water at
neutral pH suggesting the involvement of microorganisms in the water (Dahchour, et al. 1986).
Bastide etal. (1986) studied the biodegradation of 50 ppm propanil in dark in non-sterile,
buffered distilled water at room temperature. They found that the lag phase for the initiation of

7

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

propanil degradation was about 48 hours. The herbicide could no longer be detected after 120
hours. The coinciding formation of DCA during this time period has also been demonstrated.
The two bacteria responsible for propanil biodegradation in buffered distilled water were
Pseudomonas putida and Streptococcus avium. Pseudomonas putida was also isolated from soil,
and was shown to be able to slowly degrade DCA as well (Zeyer and Kearney, 1984).
Streptococcus avium is a fecal species occurring in chicken feces (Dahchour, et al. 1986).
In Animals
Acylanilide metabolism by animal is the subject of only a few reports. A mitochondrial
preparation from chick kidney rapidly deacylated a number of acylanilides, which was affected
by ring substitution and side chain length (Mehler and Knox, 1950; Nimmo-Smith, R. H. 1960).
Williams and Jacobson (1966) studied the metabolism of propanil in mice, rats, rabbits, and
dogs. The livers of all of these animals displayed substantial acylamidase activity of hydrolyzing
propanil with the release of DCA. The enzyme activity was associated with the microsomal
fraction of liver homogenates and, like the rice enzymes, it was inhibited by organophosphate
insecticides. The major microsomal metabolites of propanil and DCA have been identified by
McMillan and his coworkers using HPLC analysis of extracts from microsomal incubations, in
which DCA was again demonstrated to be the major propanil metabolite (McMillan, et al. 1990).
In addition, their data indicated that the metabolic pathway of propanil was highly dependent on
the level of propanil to which the animals were exposed. For example, at low concentrations (<
0.05 mM), acylamidase hydrolysis was responsible for approximately 80% of total propanil
metabolism, whereas about 20% of the herbicide undergoes oxidative metabolism. At relatively
high concentrations (>1.0 mM), more than 95% of the total metabolism was due to acylamidase
hydrolysis. Moreover, their studies also indicated that 2'-hydroxypropanil was hydrolyzed as
well by acylamidase to DCA implying that hydrolysis may be an important route of propanil
metabolism in vivo. Finally, the major microsomal metabolites of DCA were conclusively
identified as -hydroxy-DCA and N-hydroxy-DCA (McMillan, etal. 1990).
6

8
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m.

Propanil Toxicity in Animals.

Overview
The clinical picture of propanil toxicity in animals is characterized by low mobility and
depression. It has been reported that propanil exposure produces manifestations of impaired
coordination of movements, spontaneous urination and sometimes slight tremor (USSR State
Committee for Science and Technology, 1984). Acute propanil exposure results in
methemoglobin formation (USSR State Committee for Science and Technology. 1984;
McMillan, etal. 1990; Chow and Murphy, 1975), decreased activity of redox enzymes in blood
(USSR State Committee for Science and Technology. 1984), and increased urinary excretion of
N-methylnicotine amide (USSR State Committee for Science and Technology, 1984). Chronic
administration of propanil generates a non-Iethal but marked cumulativeness of intoxication in
animals, including untidiness, flabbiness, and slightly uncoordinated movements (USSR State
Committee for Science and Technology, 1984).
Acute Toxicity
The acute mammalian toxicity of propanil has been examined by several investigators
(Ambrose, etal. 1972; Singleton and Murphy, 1973; McMillan, etal. 1990; Chow and Murphy,
1975; Santillo, e ta l 1995; McMillan, et al. 1991; Harrison and Jollow, 1986; Harrison and
Jollow, 1987). Ambrose etal. (1972) reported that the LDj,, ± SD value of propanil was 1384 ±
99 mg/kg for rats and 1217 ±

8

mg/kg for dogs when animals were exposed to propanil by

gastric intubation. Central nervous system (CNS) depression was observed within 12 hours
following gastric intubation. In both rats and dogs, deaths occurred over a 3 day period although
gross autopsy findings were negative. Singleton and Murphy (1973) also reported that the signs
of acute propanil toxicity in mice included apparent CNS depression, loss of righting reflex, and
cyanosis.
McMillan etal. (1990) have reported that propanil metabolism was suppressed by the
acylamidase inhibitor paraoxon and sodium fluoride, suggesting that the major pathway of

9
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propanil metabolism was acylamidase-catalyzed hydrolysis to DCA. The methemoglobinforming ability of the major propanil metabolites, such as N-hydroxy-DCA and -hydroxy-DCA,
6

in isolated erythrocyte suspensions has also been found, although the potency of N-hydroxyDCA was at least a log greater than that of -hydroxy-DCA (McMillan, etal. 1990).
6

The hemolytic potential of propanil in rats has been studied by McMillan et al. (1991).
Their in vivo studies showed a propanil dose-dependent increase in the rate of removal of the
erythrocytes from the circulation in rats. Propanil and DCA were found to be equally hemolytic
in these studies. One of the subsequent metabolites of DCA, N-hydroxy-DCA, has been
demonstrated to elicit the same hemolytic response (about

1 0

-fold more potent than either

propanil or DCA) and is directly toxic to the erythrocytes. In addition, previous studies by
Harrison and Jollow (1986,1987) have demonstrated that methemoglobin formation may be
necessary, but not sufficient, for the expression of the herbicidal hemolytic activity .
Mondola etal. (1995) have evaluated the induction of microsomal lipoperoxidation in
different tissues of rats treated with propanil. Rat serum levels of cholesterol, triglycerides,
analine aminotransferase (ALT), alkaline phosphatase (ALP) and aspartate aminotransferase
(AST) activities were also measured in order to determine if liver damage is caused by propanil.
They have found that the sensitivity to microsomal lipoperoxidation of liver and brain from
propanil-treated rats was increased significantly by 95% and 36%, respectively. In addition,
AST and ALP activities were increased in propanil-treated rats by 38% and 62%, respectively,
whereas ALT serum levels were not affected by propanil treatment. The enhanced cytolysis
expressed by the higher serum levels of AST and ALP in propanil-treated rats suggested that the
increased microsomal liver lipid peroxidation was associated with liver damage. A significant
decrease in the serum levels of cholesterol and triglycerides in the propanil-treated rats was also
detected, which may be due to the decreased synthesis of cholesterol from acetate by the
damaged liver.
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Subchronic and Chronic Toxicity
In a subchronic (13 weeks) studies in rats on propanil diets of different doses, survival of
the animals on the 50,000 ppm diet was influenced, whereas growth and feed consumption were
decreased in animals on the 3300 and 10,000 ppm diets (Ambrose, etal. 1972).
Polychromatophilia was noted in rats on diets containing > 330 ppm propanil. Significant
reductions in hemoglobin values were also shown in propanil-treated animals as compare to
those in the control (Ambrose, etal. 1972).
In a chronic (2 year) study of rats fed a diet containing 0, 100,400 and 1600 ppm
propanil, significant suppression in growth and ascent in organ-to-body weights ratio for spleen,
liver of females, and testes of male rats on the 1600 ppm diet was observed. Significant
decreases in hemoglobin values was only noted in females on the 1600 ppm diet (Ambrose, etal.
1972). In multigeneration studies in rats on 0, 100, 300 and 1000 ppm propanil diets, no effects
were noted (Ambrose, etal. 1972). In a chronic study of dogs on 0, 100, 600, and 4000 ppm
propanil diets, no adverse changes were noted on survival, organ-to-body weight ratios, urinary
finding, liver function tests, and hematology (Ambrose, etal. 1972).

IV.

Propanil Toxicity in Humans.
The potential human hazards of exposure to propanil and its derivatives has not been

completely studied. There is no direct measurement of the quantity of propanil which people
have been exposed to. But it has been estimated for the dermal exposure to propanil by human
that in order to attain an amount equivalent to the dermal LD*, of 3,500 mg/kg in rabbits, the
patch concentration would need to be 24,000 times greater than what was normally present
(Barnes, et al. 1987). Therefore, non-applicator personnel have little chance of being exposed to
a relatively large amount of propanil, resulting in little risk of suffering from propanil
intoxication. On the other hand, workers in pesticide manufacturing, formulation, and packaging
plants have a high risk of developing occupationally related illnesses (Cannon, S. B. 1978;
Folland, D. S. 1978). The herbicide is readily absorbed into the body through ingestion,
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inhalation or dermal exposure. Its CNS effects include headache, drowsiness, dizziness, and
confusion. The acute toxicity of propanil is exhibited primarily by methemoglobin formation,
which leads to cyanosis and dark urine and blood in occupationally exposed humans
(Kimbrough, R. D. 1980). Acne, skin irritation, eye irritation, jaundice, miosis, and nausea or
vomiting are the symptoms reported most often by workers (Morse and Barker, 1979). Those
working with the pesticide, especially for a long time, complained of a burning sensation and
irritation in the mouth, throat and gut, accompanied by gagging and coughing (USSR State
Committee for Science and Technology, 1984).

V.

Immunotoxic Effects of Propanil.

Body and Lymphoid Organ Weight
Barnett et al. (1989) studied the effect of propanil on body and lymphoid organ weights
using five to six-week-old female C57B1/6 mice treated with propanil intraperitoneally (i.p.). No
significant body weight differences between propanil-treated and vehicle-treated animals were
observed. However, the spleen-to-body weight ratios (S:B) for the propanil-treated animals were
significantly increased than those of control (Barnett and Gandy, 1989). Their results were
consistent with the report by Ambrose etal. (1972) who have found that S:B ratios were 123%,
189%, and 246% of control for rats that were on a 1000, 3300, and 10000 ppm propanil diet,
respectively. Finally, the increase in S:B ratio was accompanied by an increase in spleen
cellularity without significant changes in leukocyte percentage (Barnett and Gandy, 1989).
It has also been reported by Barnett and Gandy (1989) that the thymus-to-body weight
(T:B) ratios for propanil-treated animals were decreased. In addition, intraperitoneal exposure to
propanil reduced total thymus cellularity in mice in a dose-dependent manner (Zhao etal., 1995).
The studies of the cell numbers of the thymus subpopulations showed that propanil-treated
animals had significantly less CD3~ cells as compared to the control animals, but the percentage
of such subpopulation was not significantly changed. The numbers of CD3+CD4+CD8+,
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CD3+CD4+CD8', and CD3+CD4~CD8+ thymocytes in propanil-treated animals were also
significantly decreased when compared to those of the control animals. In contrast to CD3 '
populations, all CD3+ subpopulations displayed a reduction in percentage in propanil-treated
animals (Zhao, etal, 1995).
Although i.p. exposure to DCA (150 mg/kg), at a molar equivalent concentration of
propanil (200 mg/kg), significantly increased the S:B ratio and the number of splenic leukocytes,
it did not affect the T:B ratio in mice (Barnett, et al. 1992).
Humoral Immunity
Most antigens that elicit a humoral immune response are thymus dependent (Tdependent); that is, participation of T helper cells is required for such antigens to activate B cells.
Some antigens, however, can activate B cells without the participation of T helper cells; these are
termed thymus-independent antigens (T-independent antigens). The immunotoxic effects of
propanil on humoral immune responses have been studied by monitoring both T-dependent
antibody production and T-independent antibody production (Barnett and Gandy, 1989; Barnett,
et al. 1992). The T-dependent antibody response was examined using the standard hemolytic
plaque assay (Barnett and Gandy, 1989). Propanil at doses as low as 50 mg/kg or higher
significantly reduce the T-dependent antibody production. The effect of propanil on the Tindependent antibody response was determined by assaying the antibody response to intravenous
(i.v.) injection of DNP-Ficoll (Barnett, etal. 1992). Propanil at 200 mg/kg decreased the number
of plaque forming cell (PFQ to 75% of the control, following DNP-Ficoll injection.
The immunotoxic effects of DCA on immune responses in mice have also been studied
by Barnett et al. (1992). The effect of DCA on T-dependent humoral immune response resulted
in a significant decrease in the number of hemolytic PFC in animals (Barnett and Gandy, 1989;
Barnett, et al. 1992). In addition, DCA had a similar effect as propanil on T-independent
antibody responses as shown by the antibody production in response to i.v. DNP-Ficoll injection
(Barnett, et al. 1992).
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Cell-Mediated Immunity
The cell-mediated immunity is established primarily through the generation of various
effector immune cell types, including CD4+ T lymphocyte subsets, CD + T lymphocytes, and
8

nonspecific cell types, such as macrophages, neutrophils, eosinophils, and natural killer (NK)
cells. The effects of propanil and DCA on cytotoxic activity of T lymphocytes (CTL) and NK
cells were determined by Barnett etal. (1992). They reported that, while neither propanil nor
DCA caused a significant alteration in CTL activity, NK cell-mediated cytotoxicity was
significantly reduced, suggesting a cell type selective effect of the herbicide. In addition, mixedlymphocyte reaction (MLR) showed a dose-dependent decrease in propanil-treated animals
(Barnett and Gandy, 1989), suggesting that T helper cell activity was affected by propanil
treatment as well. The effect of propanil on mouse peritoneal macrophages was measured by
determining cytotoxicity against the P815 target cells (Theus, eta l 1993). The significant
enhancement in macrophage cytotoxicity caused by propanil was found to be associated with the
altered profile o f cytokine secretion by macrophages, although the mechanisms involved were
not thoroughly studied.
Delayed-type hypersensitivity (DTH) is initiated when activated T helper cells encounter
the antigens, and induce a localized inflammatory reaction by secreting various cytokines. The
reaction is characterized by large influxes of nonspecific inflammatory cells, in which the
macrophage is one of the major participants, others including neutrophils, and eosinophils. The
DTH response in propanil-treated animals was analyzed by a contact hypersensitivity reaction
(CHR) to oxazolone (Barnett and Gandy, 1989). Mice treated with 400 mg/kg propanil had a
CHR of about 45% of control, whereas those treated with lower than 400 mg/kg propanil
demonstrated CHR that was not statistically significantly different than control. Therefore, CHR
was measurably suppressed only in the 400 mg/kg propanil-treated mice (Barnett and Gandy,
1989).
The ability of splenocytes to undergo blastogenesis in response to concanavalin A (Con
A) or lipopolysaccharide (LPS) was also investigated by Barnett and Gandy (1989). Splenocytes
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from 400 mg/kg propanil-treated mice demonstrated a significantly lower Con A (T cell
mitogen) response and LPS (B cell mitogen) response than those from the control mice, whereas
lower dosages caused no significant alteration in mitogen response.

Table 1. Summary of the immunotoxic effects of in vivo propanil exposure
Effect
Function
Organ to Body Weight Ratio
Spleen: Body weight
T
Thymus: Body weight
i
Humoral Immunity
T-dependent antibody response a
i
T-independent antibody response 6 l ‘,Td
Cell-Mediated Immunity
CTL activity
<-»
NK activity
I
Mixed lymphocyte reaction
i
Macrophage cytotoxicity
t
T cell mitogen response c
i
B cell mitogen response 1
i
Contact Hypersensitivity 8
I
Hematopoiesis
Yes
Myelotoxicity

References
Barnett and Gandy, 1989; Barnett, et al. 1992
Barnett, et al. 1992
Barnett and Gandy, 1989; Barnett, et al. 1992
Bamett, et al. 1992
Barnett, etal. 1992
Bamett, etal. 1992
Bamett and Gandy,
Theus, et al. 1993
Bamett and Gandy,
Bamett and Gandy,
Bamett and Gandy,

1989
1989
1989
1989

Blyler, etal. 1994

b As measured by hemolytic plaque assay using DNP-Ficoll as the antigen.
At a dose of 200 mg/kg.
d At a dose of 50 mg/kg.
e As measured by proliferation assay using Con A as T cell mitogen.
f As measured by proliferation assay using LPS as B cell mitogen.
8 Using Oxazolone as the antigen.

Myelotoxicity
The myelotoxic effects of propanil has been studied by Blyler etal (1994). They
reported that propanil reduced the numbers of myeloid stem cells and early myeloid and
erythroid progenitor cells. However, it did not affect the numbers of the more differentiated
myeloid and erythroid progenitor cells, suggesting that this herbicide is selectively myelotoxic
only to the early hematopoietic stem cells.
15
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Therefore, propanil demonstrates significant systemic immunotoxicity in mammalian
systems. A summary of the immunotoxicologic studies of propanil discussed above is provided
in Table 1.
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CHAPTER 2. MACROPHAGE ACTIVATION AND ITS PROINFLAMMATORY
CYTOKINE PRODUCTION
I.

Macrophage Heterogeneity and Activation.
Pluripotential stem cells differentiate into myeloid stem cells which become committed to

the macrophage lineage in response to specific colony-stimulating factors (CSFs) (Auger and
Ross, 1991). After several cycles of replication, the precursor cell undergoes differentiation,
leaves the marrow to enter the blood to become a monocyte. Monocytes are more differentiated,
travel in the blood for about one day, and then distribute into different tissues where they
differentiate into macrophages. Neither monocytes nor macrophages are capable of proliferation
under normal circumstances. Macrophages are distributed throughout most tissues. The
expression of surface receptors, oxidative metabolism, and class IIMHC molecules on
macrophages are different in different tissues, which are related to the local environment of the
macrophage and involvement in various physiological or pathological processes.
The relatively large quantity of membrane-bound cytoplasmic inclusions containing
proteolytic enzymes is the most characteristic ultrastructural feature of alveolar macrophages,
corresponding to an important role they play in inflammation and in local defense against a
variety of pathogens (Auger and Ross, 1991). The liver macrophages (Kupffer cells) are in close
contact with the liver endothelial cells. Liver macrophage is the major cell type responsible for
the clearance of microbes by phagocytosis in the liver. They also produce 1L-6, IL-l, and TNF
which deliver the signals to hepatocytes to trigger the acute phase responses against the infection
(Unanue, E. R. 1981). Heterogeneous and different degrees of activation are the major
characteristics of macrophages of the peritoneal exudate, and may reflect the condition of
environmental stimulation. Since peritoneal exudate macrophages are closely related to our
studies, their activation is discussed in detail in this chapter.
Macrophage activation is a complex process regulated by a large number of extracellular
and intracellular signals. It has been observed that the induction of macrophage activation is the
result of a multistep cascade of events. Resident peritoneal exudate macrophages from
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unstimulated animals are at “resting stage” and are relatively resistant to stimulatory signals
(Unanue, E. R. 1981). Macrophages at the sites of inflammation, such as those elicited by i.p.
peptone or thioglycollate injection, are more readily to respond to inductive signals and,
therefore, termed “responsive” or “inflammatory” macrophages. Treatment of the “responsive”
macrophages with IFN-y induces a state termed “primed”. Primed macrophages readily become
cytolytic when pulsed with the prototypic macrophage-activating factor, the bacterial product
LPS. “Activated macrophages” was originally used to describe macrophages with high
microbicidal capacity found in mice infected with intracellular pathogens (Blanden, etal. 1966).
They were later found to be more profound tumoricidal and acquire the ability of producing large
amount of secretory molecules including various kind of cytokines (Adams and Hamilton, 1991;
Nathan, C. F. 1987; Grabstein, K. H. 1986; Aderka, etal. 1989; Kovacs, etal. 1989). Table 2 is
a basic model of macrophage activation. It shows some cytokines, a few selected markers of
each stage, and certain functions which are turned on or turned off in each of the stages. The
switch of macrophage from one stage to a more activated stage is dependent upon the delivery of
the appropriate combination and sequence of the regulatory signals, such as IFN-y and LPS. And
each stage of development is marked by changes in expression of membranous and secreted
proteins, including both enhanced and diminished expression of these proteins. In many cases,
such changes in specific protein expression correlate precisely with changes in ability to execute
a complex function. For example, macrophages that have the most ability of presenting antigen
are IFN-y-primed macrophages which express high level of MHC class II molecules (Table 2).
Likewise, LPS-activated macrophages have the most advanced ability of fighting infection and
killing tumor cells, because they secrete relatively high levels of proinflammatory cytokines,
reactive oxygen intermediates (ROI), and other active tumoricidal and bactericidal substances
(Table 2).
Thus, the major sources of diversity in macrophage activation come from the number of
different inductive and suppressive stimuli, the amounts of these stimuli, and the sequences in
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which they are presented to the macrophages. In addition, each extracellular signal is capable of
generating multiple intracellular signals. Therefore, the diversity in the regulation of gene
expression and protein synthesis can be considered to result from I) the number and/or sequence
of presentation of different stimuli, and ) the intracellular molecular processes induced by the
2

extracellular stimulation.
Table 2. Macrophage Activation
______________________ Thio.________________ IFN-y__________ LPS_______________
Resident ---------►Inflammatory----------- ►Primed--------- ► Activated
1 H 1a
_
_
_
TNF-a
IL-1
++++a
_
-H—H -a
IL-6
_
-H-H-3
++a
m e m . Ia
-HH-a
+++a
s e c re tio n o f R O I
-

-H -+ + a

tu m o ric id a l
p re sen t

++++“

_

Ag

p h a g o c y to s is

(Adapted from Adams and Hamilton, 1991)
a +, expression or secretion of the molecule, or turn on of the function.
-

-

++a
tm a

The most potent single stimulus of macrophage activation is LPS. Many of the products
of LPS stimulation are also capable of inducing further response either in an autocrine or
paracrine fashion. For example, LPS induces the expression of many cytokines including TNFa , IL-1, IL- , M-CSF, GM-CSF, and IFN-a/p, each of which is capable of increasing the
6

magnitude of their own expression or expanding the functional diversity of the response (Nathan,
C. F. 1987; Grabstein, K. H. 1986; Mace, etal. 1988; Munerof, etal. 1988; Aderka, etal. 1989;
Kovacs, etal. 1989). Besides its own products, the macrophage is greatly responsive to multiple
secretory products of T lymphocytes, such as IFN-y, and IL-2 (Adams and Hamilton, 1984).
Moreover, diversity in the response of macrophages can be further enhanced when such agents
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act in combination (Table 3). For example, EL-2 synergizes with IFN-y to enhance the synthesis
and secretion of TNF-a, IL-1, and IL

- 6

by macrophages (Table 3).

Table 3. Modulation of selected gene expressions in macrophages by several stimuli
IL-1
IL-6
KC
IP-10
JE
+
+
+
+
+
_0
±c
+
IFN-y
+
+
+
+
+
+
IFN-y + LPS
+
+
+
+
IFN-y + IL-2
(Data are from Introna, et al. 1987; Narumi, etal. 1990; Koemer, et al. 1987; Tannenbaum, etal.
1988; Tannenbaum, etal. 1989; Kunkel, etal. 1986; Ohmori, etal. 1990; Hamilton, etal. 1989.)
Stimulation conditions
LPS

TNF-a
+“

-

-

a +, stimulatory effect.
b -, no effect on gene expression.
c+, depending on several variables including sources of IFN-y and mouse strain.

II.

Macrophage Function and Proinflammatory Cytokine Secretion.

Overview
Macrophages can be divided into classes according to their different activation stages.
This section encompasses functions of macrophages as a whole and not of any single class.
Although a wide variety of functions are achieved by macrophages, only those that are closely
related to our studies, such as regulation of the immune response, and proinflammatory cytokine
secretion, are discussed in this review,.
Functions in Immunological Reactions and Inflammation
Macrophages serve as antigen presenting cells (APCs) in immunological reactions. It is
generally accepted that antigen processing can be divided into two separate pathways each
associated with one of the two classes of MHC molecules. One involves exogenous antigens
which are endocytosed into acidic vesicles and degraded into peptides for complexing with MHC
class II molecules (Germain and Margulies, 1993). The complex can then be presented on the
cell surface and recognized by the TCR on CD4+T lymphocytes. The second pathway involves
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endogenously synthesized antigens which are processed in the cytosol by non-lysosomal
proteolytic mechanisms before association with MHC class I molecules in the endoplasmic
reticulum (ER), promoting stability of class I-(32 microglobulin complex. The cytosolic
ubiquitin-dependent system is the best characterized and depends on proteins being initially
conjugated to ubiquitin before degradation by specific proteases (Unanue, E. R. 1993). The
peptide-MHC complex are then transported to the cell surface and recognized by TCR on CD +
8

T cells. Macrophages serve as efficient APCs not only because of their endocytic capacity and
extensive lysosomal compartment which benefit antigen uptake and processing, but also their
responsiveness towards IFN-y stimulation resulting in the expression of class II MHC. Apart
from the interaction of the TCR with peptide and MHC, T cell activation requires an additional
stimulus. Harding etal. (1992) reported that responses stimulated by fixed APC can be restored
using anti-CD28 antibodies. The ligand for CD28, B7 is expressed on macrophages, B cells and
dendritic cells. In addition, macrophages may secrete soluble mediators such as IL-1 which may
potentiate immune responses by inducing receptors for IL-2 and by stimulating DL production
- 2

by T cells (Durum and Oppenheim, 1993). Macrophages may also play a direct role on the
humoral immune response through the production of IL-1 and IL- . Finally, macrophages
6

suppress immune response by secreting prostaglandin E or inhibitory cytokines such as TGF-{3
and IL-10 (Shibata and Volkman, 1985; Pierce etal., 1989). IL-10 inhibits the antigen
presentation function of macrophage and TNF production by macrophages (De-Vires, J. E. 1991;
De-Waal-Malelyt, etal. 1992). TGF-P is capable of inhibiting the secretion of inflammatory
cytokines by macrophages (Pierce etal., 1989).
In addition to its ability in regulating specific immune reactions, macrophage is involved
in the regulation of virtually all stages of the inflammatory responses. For instance, the
peritoneal macrophages have been considered important in the prevention of bacterial out
growth in the peritoneal cavity. However, only an influx of granulocytes will result in a
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sufficient number of cells to eliminate invading bacteria. IL

- 8

has been described as a specific

and potent chemoattractant for granulocytes. In response to infection, it is known that
macrophages produce mediators like IL-1 and TNF which have proinflammatory activity and
promote mesothelial cells to produce IL

- 8

(Betjes et al., 1993). Therefore, in this respect

macrophages play a regulatory role in initiating and mediating the influx of neutrophilic
granulocytes either indirectly by mesothelial cells or directly through its bactericidal activity
(Goodman et al., 1992; Becker et al., 1992). Macrophages are also known to produce
macrophage inflammatory proteins (MIP), which are involved in the regulation of leukocyte
recruitment and activation (Botazzi et al., 1990; Damme et al., 1992). In the recovery phase of
the inflammatory response, macrophages are directly involved in wound repair by producing
TGF-p, which stimulates fibroblast collagen synthesis, and of TNF, which induces blood vessel
growth (Pierce etal., 1989; Auger and Ross, 1991).
Secretion o f Proinflammatory Cytokine
Macrophages have the capability of extensively secreting more than 100 biologically
active substances. These molecules have a profound effect, making the macrophage a crucial
participant in tissue homeostasis. The secretion of these molecules is mostly achieved by
macrophages following their activation, and depends at least in part, on their state of
differentiation ( see “Macrophage Heterogeneity and Activation” of this chapter).
Table 4 is the selective summary of the cytokines released by macrophages (Unanue, E.
R. 1993). They can be divided into three categories. First are those that promote cell growth,
especially the myeloid progenitor cells in hematopoiesis. This category includes G-CSF, MCSF, and GM-CSF. The second category includes EL-1, TNF, IL- , and a range of chemotactic
6

proteins, such as IL- , and EL-12 (Wolpe and Cerami, 1989; Oppenheim, etal. 1991; Wolf, etal.
8

1991). They cause many of the localized and systemic alterations in the inflammatory response
and are considered to be proinflammatory. Detailed discussions of IL-1, EL and TNF are
- 6

included in the following paragraphs. The third category is the suppressive cytokine including
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IL-10, TGF-0 and IL-1 receptor antagonist (De-Vires, J. E. 1991; Assoian, et al. 1987; Arend, et
al. 1990).

Table 4. Cytokines Secreted by Macrophages
Growth regulatory factors
G-CSF
GM-CSF
M-CSF
Cytokines that promote acute inflammation and regulate lymphocyte response
EL-1
IL
- 6

TNF-a
IL
IL-12
Inhibitory cytokines
IL-10
- 8

TGF-0
IL-1 receptor antagonist___________________________________________
(Adapted from Unanue, E. R. 1993)

Proinflammatory cytokines produced by macrophages exhibit the characteristics of
pleiotropy, redundancy, synergy, and antagonism, which allow them to regulate cellular activity
in a coordinated interactive way. For example, IL-1, TNF-a, and IL- , which are produced
6

predominantly by activated macrophages, all induce coagulation and an increase in vascular
permeability by acting locally on endothelial cells and fibroblasts. Both TNF-a and EL-1 induce
increased expression of adhesion molecules on vascular endothelial cells. IL-1 and TNF-a also
induce IL

- 8

and IL

- 6

production by macrophages and endothelial cells. All three cytokines

mediate the development of the acute phase response in the liver, which is presumably due to the
induction of a common DNA-binding protein, NF-EL- , following their binding to the specific
6

receptors (Table 5).
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Table 5. Redundant and Pleiotropic Effects of IL-1, TNF-a, and IL-6
Effects
Endogenous pyrogen fever
Synthesis of acute-phase proteins by liver
Increased vascular permeability
Increased adhesion molecules on vascular endothelium
Induction of IL-8
Induction of DL-6
T-cell activation
B-cell activation
(Adapted from Durum and Oppenheim, 1993).

IL-1
+
+
+
+
+
+
+
+

TNF-nr
+
+
+
+
+
+
+
+

IL-6
+
+
+

+
+
+

TNF
One of the early studies that led to the discovery of TNF was hemorrhagic necrosis and
regression of tumors in mice (Carswall, et a l 1975). Later in a study of delayed-type
hypersensitivity, Ruddle and Waksman (1967) found that lymphocytes from immunized rats,
when stimulated in vitro with specific antigen, killed syngeneic fibroblasts. This killing was due
to a “cytotoxic factor” released from lymphocytes. Almost at the same time, Granger and his coworkers (1968) reported that mitogen-activated splenocytes produced a soluble factor designated
as “lymphotoxin” (LT). Lloyd Old’s interest in the role of the LPS-induced macrophagereleased factor in tumor immunity gave rise to the name “tumor necrosis factor” (Old, L. J.
1985). Finally, Aggarwal (1989) isolated, purified and sequenced LT from a human B cell line,
which allowed the cDNA and genomic cloning of human, bovine and rabbit forms of TNF and
LT. Although TNF can be produced by a number of different cell types following appropriate
stimulation, such as mast ceils, hepatocytes, and kidney tubule epithelial cells, TNF-a is mainly
produced by activated macrophages and T lymphocytes, whereas TNF-P, whose gene is
transcriptionally silent in macrophages, is produced predominantly by activated T lymphocytes
(Jadus, e ta l 1986; Cuturi, eta l 1987; Gordon andGalli, 1990; Hunt, eta l 1992). TNF-a, a
nonglycosylated transmembrane protein of approximately 25 kDa, is proteolytically cleaved off
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to form a stable homotrimer of 51 kDa (Smith and Baglioni, 1987; Kriegler, et aL 1988; Jones, et
al. 1989). TNF-P can complex with a 33 kDa protein on the surface of T cells or be secreted and
form trimers (Decker, et al. 1987; Androlewicz, etal. 1992). TNF-a and TNF-P interact with
target cells through the same high-affinity membrane receptors, p55 and p75, and carry out many
of the same biological activities (Aggarwal, etal. 1985; Farrah and Smith, 1992).
At low concentrations, TNF acts locally as a paracrine and autocrine regulator of
leukocytes and endothelial cells. TNF stimulates endothelial cells to produce IL-1,
hematopoietic growth factors, arachidonic acid metabolites, and platelet activating factor (PAF),
and promotes inflammatory response (Libby, etal. 1986; Pober, etal. 1986; Broudy, etal. 1986;
Camussi, et al. 1987). It also induces the expression of adhesion molecules, such as ICAMs and
ELAMs, thus causing vascular endothelial cells to become adhesive for leukocytes, and
contributing to the accumulation of leukocytes at local sites of inflammation (Garble, et al. 1985;
Broudy, et al. 1987). TNF has profound effects on neutrophils by priming or directly stimulating
their adherence, phagocytosis, degranulation, reactive oxygen intermediates production, and
migration (Broudy, etal. 1986; Figari, etal. 1987; Shalaby, etal. 1987; Sayers, etal. 1988).
TNF has also been shown to stimulate leukocytes synthesis of other inflammatory cytokines,
such as IL-1, EL- , TGF-P, GM-CSF, TNF itself, and low molecular weight inflammatory
6

cytokines of the IL

- 8

family (Broudy, et al. 1986; Libby, etal. 1986; Cicco, et al. 1990;

Marucha, et al. 1990). In the case of regulating humoral immune response, TNF may function as
a costimulator for T cell activation and indirectly stimulates antibody production by B cells,
although two other macrophage-derived cytokines, IL-1 and DL- , are more potent than TNF at
6

mediating these responses. In inducing B cell proliferation, TNF showed a strong costimulator
activity with anti-IgM (Ghiara, etal. 1987).
The systemic effects of TNF are mediated by its diverse effects on many cell populations,
acting as an endocrine hormone. The principal systemic actions of TNF in physiological host
responses to infections include serving as an endogenous pyrogen (Dinarello, et al. 1986), acting
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on mononuclear phagocytes to secrete IL-1 and IL

- 6

into the circulation (Akira, etal. 1990),

inducing acute phase response in the liver (Perlmutter, et al. 1986), activating the coagulation
system (Bevilacqua, et al. 1986), and suppressing bone marrow stem cell division (Broxmeyer,
etal. 1986), all of which can lead to hemodynamic shock, diffuse tissue injury, and death.
IL-1
IL-1 has been detected in cultured cells derived from tissues of ectodermal, mesodermal
and endothelial origin, such as keratinocytes, smooth muscle and vascular endothelial cells.
Additionally, some lymphoma and leukemia cell lines as well as lymphocytes have also been
implicated as sources of IL-1. However, monocyte/macrophage appears to be the most potent
source of IL-1 among those tested comparatively (Dinarello, etal. 1988). Molecular cloning of
IL-1 cDNA has established the presence of two nonallelic genes coding for IL-1 a and IL-1 P
(LoMedico, etal. 1984; Auron, etal. 1984; Eisenberg, et al. 1990; Carter, et al. 1990;
Matsushime, etal. 1991). Both murine IL-1 a and IL-1 (3 genes are found to be linked on
chromosome 2 (D’Eustachio, etal. 1987). The two proteins, each approximately 17 kDa, show
only 25% sequence identity (Kostura, etal. 1989; Kobayashi, etal. 1990). Despite this limited
similarity, the two proteins bind to the same receptor (Eisenberg, et al. 1990, Dower, et al.
1992). Although many cell types express both IL-1 a and EL-1 p, the quantities of these two can
vary between cell types. For example, monocytes/macrophages express predominantly IL-ip,
whereas keratinocytes express predominantly EL-la (Kupper, etal. 1986). Like other
proinflammatory cytokines produced by macrophages, IL-1 is not constitutively produced but
requires a macrophage activation stimulus. Many agents, such as endotoxin, exotoxin, yeast cell
wall, and viral hemagglutinins, can provide such stimuli and induce EL-1 production by
monocytes/macrophages. The most well characterized inhibitors of IL-1 production are
corticosteroids, prostaglandins, and some inhibitory cytokines such as IL-10, IL-4 and TGF-P
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(Snyder and Unanue, 1982; Lew, et al. 1988; Kern, et al. 1988, Knudsen, etal. 1986). Some of
them, such as corticosteroids and prostaglandins, are end products of IL-1 action.
When locally produced predominantly by tissue macrophages, IL-1 functions together
with a polyclonal stimulus to enhance the proliferation of T cells. For example, in response to
immobilized anti-CD3 monoclonal antibody (mAb), splenic CD4+ or CD +T cells express EL-2
8

receptors, but neither produce IL-2 nor proliferate. IL-2 secretion and proliferation from both
CD4+ and CD + cells are induced by costimulation of anti-CD3 with IL-1 (Stein and Singer,
8

1992). Although IL-1 appears to be more potent than TNF as a costimulator for increasing T cell
responses, IL

- 6

may be more essential than IL-1 in inducing T cell activation (Abbas, et al.

1994; Stein and Singer, 1992). This explains why the in vivo treatment of IL-1RA, an antagonist
of IL-1, did not affect the generation of T-dependent antibody responses, cytotoxic T cells, or
delayed-type hypersensitivity (Faherty, et al. 1992). Although Fanslow et al. (1990) reported
that a soluble IL-1 receptor inhibited an allogeneic graft rejection in vivo, the effect was probably
more on subsequent inflammatory components of the reaction instead of on T cell activation. In
the case of regulating inflammatory responses, many pathological inflammatory reactions can be
mimicked by the instillation of low doses of IL-1 to the tissue in animals. For example,
intratracheal application of human recombinant IL-ip bound to sephadex beads induces
pulmonary granuloma in mice (Kasahara, et al. 1988), suggesting that EL-1 may play a central
role in some chronic inflammatory diseases. IL-1 also has the ability to induce tissue injury in
vivo. Intra-articular injection of natural or recombinant IL-1 causes cartilage proteoglycan
degradation in rabbits (Pettipher, et al. 1986). Besides inflammatory reaction and T cell
response, B cell function is also affected by IL-1. EL-1 causes maturation of pre-B cells by
inducing synthesis of Ig light chains (Giri, et al. 1984). It, together with IL-2 produced by T
helper cells, induces proliferation and Ig production by mature B cells (Hoffman, etal. 1987). In
addition, IL-1 induces the production of secondary cytokines, such as EL-6, to indirectly promote
B cell Ig secretion. Other secondary cytokines induced by EL-1, such as IL-2, EL-4, and IL-5,
may contribute to B cell activation, proliferation, antibody secretion and isotype switch.
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Systemic IL-1 shares with TNF the ability to cause fever, and to induce synthesis of acute
phase proteins by the liver (Durum, eta l 1986). The functional redundancy between IL-1 and
TN F-a has been discussed previously in this chapter. However, although IL-1 in response to
LPS can potentiate tissue injury caused by TNF, it by itself does not lead to hemorrhagic
necrosis of tumors (Abbas, et al. 1994).
IL-6
IL

- 6

was initially discovered as an antiviral protein named IFN-P2 (Sehgal and Sagar,

1980; Weissenbach, et al. 1980). The gene for murine IL

- 6

has been cloned and mapped to

chromosome 5 (Mock, et al. 1989). It shares 65% and 42% homology with the human IL

- 6

gene

(located on chromosome 7) at the DNA level and at the protein level, respectively (Schgal. et al.
1986). The measurement of the size of IL

- 6

varies from 23 to 32 kDa due to variable

glycosylation. This post-translational modification results in heterogeneous products of IL

- 6

(Hirano, et al. 1986). There are many different cell types that have been observed to produce IL6

after appropriate stimulation. For example, fibroblasts, monocytes/macrophages,

keratinocytes, endothelial cells, endodermal cells, stromal cells, lymphocytes, smooth muscle
cells, pancreatic p-islet cells and astrocytes are all capable of contributing to the circulating or
local IL

- 6

(Aarden, etal. 1985; Zilberstein, etal. 1986; Bauer, etal. 1988; Bhardwaj, etal. 1989;

Cheung, et al. 1990; Fong, et al. 1989; Lee, et al. 1990; May, et al. 1989; Santhanam, et al.
1989).
IL

- 6

specifically interacts with hepatocytes through a two chain receptor, an 80 kDa

ligand binding factor and a 130 kDa associated molecule, and induces production of acute phase
proteins during inflammation in vivo (Hibi, etal. 1990; Yamasaki, etal. 1988). Although IL- ,
6

IL-1 and TNF are all the regulators of the acute phase response, IL

- 6

Examination of the interaction of IL

- 6

is the most notable one.

with IL-1 in the presence of corticosteroid results in the

separation of the acute phase proteins into two categories. Type I acute phase proteins are
stimulated both by IL

- 6

and IL-1 and these include the opsonins and transport proteins, such as

28

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

C-reactive protein, a,-acid glycoprotein, C3, Factor B, haptoglobin, serum amyloid A (SAA),
and serum amyloid P (SAP) (Perlmutter, et al 1986; Andus, et al 1987; Gauldie, et a l 1987).
Type II acute phase proteins are stimulated only by EL and include a 1-proteinase inhibitor,
- 6

cysteine proteinase inhibitor, Cl esterase inhibitor, ceruloplasmin, fibrinogen, a -macroglobulin
2

and haptoglobin (Mackiewicz and Kushner, 1990; Unanue, E. R. 1993). TNF can act like IL-l
and cooperate with IL

- 6

to induce the production of type I acute phase proteins (Ganapathi, et al

1991).
Hematopoiesis is controlled by a cytokine network which includes IL- . IL
6

- 6

act as

cofactor with other cytokines, such as CSFs, for the growth of early bone marrow hemotopoietic
stem cells (Okano, et al 1989; Suzuki, et al 1989). All four CSFs can induce the production of
EL (Sachs, L. 1990). IL
- 6

- 6

does not induce the formation of colonies but can induce among

myeloid ceUs their differentiation to macrophages, granulocytes, or megakaryocytes (Sachs, L.
1990; Jansen, e ta l 1992). IL- , in synergy with IL-3, also induces the proliferation of
6

pluripotent stem cells in vitro (Bcebuchi, eta l 1987). Besides its important role in
hematopoiesis, EL has been demonstrated to induce the proliferation of immature and mature
- 6

T-cells. It may act as a cofactor with immobilized anti-T cell receptor antibody to induce T cell
proliferation through the production of IL-2, and in some studies, serve as comitogen for
thymocytes (Garman, etal 1987; Takai, et al. 1988; Uyttenhove, etal. 1988; Stein and Singer,
1992). IL

- 6

is the principal differentiation and proliferation factor for activated B cells late in

the sequence of B cell differentiation (Dutton, e ta l 1971; Schimpl and Wecker, 1972). It also
induces immunoglobulin secretion such as IgM, IgG, and IgA (Auger and Ross, 1991; Akira, et
a l 1990). IL

- 6

is also a growth factor for many malignant plasma cells (Van Damme, et al

1987a; Kawano, e ta l 1988). For instance, many plasmacytoma cells grow autonomously by
secreting IL

- 6

as an autocrine growth factor. Moreover, IL

- 6

can promote the growth of

hybridomas that produce monoclonal antibodies (Aarden, eta l 1985; Van Damme, e ta l 1987b).
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Transgenic mice that over express the IL

- 6

gene were found to develop massive polyclonal

proliferation of plasma cells (Suematsu, et al 1989).
In summary, the aforementioned inflammatory cytokines are multifunctional and capable
of regulating each other’s activity. They not only interact sequentially, but also reinforce one
another. For instance, while TNF promotes IL-1 and IL

- 6

production, both IL-1 and IL

- 6

are

capable of increasing the biological activities of TNF (Philip and Epstein, 1986; Zhang, etal.
1989; Akira, et al. 1990). In addtion, all three cytokines are capable of inducing the production
of themselves (Philip and Epstein, 1986; Zhang, et al. 1989). It is obvious that the interactions
between these proinflammatory cytokines become even more complicated if their effects on the
receptors are taken into account.
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CHAPTER 3. LPS-MEDIATED SIGNAL TRANSDUCTION IN MACROPHAGES
L

Protein Tyrosine Kinases (PTKs) in Macrophage Activation.
One potential signaling mechanism activated by LPS in macrophages is the activation of

PTKs, some of which have been shown to be associated with the CD 14 molecules (Beaty, et a l
1994; Weinstein, eta l 1991; Weinstein, e ta l 1992; Weinstein, etal 1993), although the precise
mechanism is still unknown. A range of PTK inhibitors have been used to demonstrate that such
signals are necessary for LPS-induced production of cytokines, such as TNF-a and IL-1 f$, and
for activation to a tumoricidal state (Dong, etal. 1993; Shapira, etal 1994). Such inhibitors
have also been shown to protect animals against LPS toxicity in vivo (Novogrodsky, et al 1994).
The src tyrosine kinase family member, p53/56lyn, which is associated with CD 14 on the cell
surface, was found to be activated upon treatment with LPS (Stefanova, etal 1993). Other
tyrosine kinases activated by LPS may include p58/64hck and p59cfgr (Stefanova, e ta l 1993).
Furthermore, a separate investigation demonstrated that hck PTK was also found to be directly
involved in the regulation of TNF-a gene expression in murine macrophages (English, et a l
1993).

H.

Activation of the Phospholipase C-y (PLC-y).
As shown by Figure 1, PLC-y protein contains two src homology 2 (SH2) domains (solid

boxes) and one src homology 3 (SH3) domain (hatched box) (Renard, D. C. 1992). Domains I
(about 170 amino acids) and II (about 260 amino acids) represent the homologous sequences
within the phospholipase C family between PLC-P, PLC-y, and PLC

- 8

(Fig.l). During signal

transduction, PLC-y recognizes and binds to a specific phosphotyrosine residue on the receptor
kinase via the SH2 domain and becomes phosphorylated. Although the phosphorylation of
tyrosine residues on PLC-y following the binding of LPS has not been completely studied,
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phosphorylation of PLC-y following the binding of tyrosine kinase receptors, such as plateletderived growth factor (PDGF) and epidermal growth factor (EGF), has been reported (Renard,
D. C. 1992). The phosphorylated, thus activated, PLC-y catalyzes the hydrolysis of the lipid
precursor phosphatidylinositol 4 ,5-bisphosphate (PIP2) in the membrane, resulting in the
formation of inositol-1,4 ,5-triphosphate (TP3) and the diacylglycerol (DAG) (Irvine, R. F. 1990).
PLC-y
I

SH2

n

SH2 SH3

J

Figure 1
Although PLC-y is largely cytosolic in unstimulated cells, it translocates to the membrane as its
SH2 domain binds to the activated receptor (Renard, D. C. 1992). This association leads to its
phosphorylation by the receptor and its contact with its substrate PIP2. Although none of the
recognition molecules for LPS has been demonstrated to be tyrosine kinase receptor, the most
important candidate, CD 14, has been reported to directly associate with members of the src
family such as lyn (Stefanova, eta l 1993). In addition, the activated PLC-y-mediated
breakdown of PIP has been demonstrated in LPS-activated macrophages (Prpic, et al. 1987).
2

Therefore, it is speculated that LPS-mediated signaling pathway in macrophage activation may
also involve phosphorylation of PLC-y on specific tyrosine residues .

ID.

Formation and Metabolism of IP3.
Stimulated breakdown of one of the polyphosphoinositides was first studied by Durell et

a l (1966), but others later reported in detail the cleavage of PIP in iris smooth muscle to form
2

IP (Andel-Latif, et al 1977; Akhtar and Andel-Latif, 1980). There are now many studies
3

supporting the notion that the hydrolysis of PIP is a common response by many different types
2

of cells in response to a wide variety of external stimuli. The formation of EP triggers
3

intracellular calcium ([Ca +]j) release from the endoplasmic reticulum (ER). Prpic eta l have
2
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demonstrated that LPS causes increased breakdown of PIP in murine peritoneal macrophages,
2

which leads to increased level of IPj, transient elevation of [Ca2+]; and also enhanced protein
phosphorylation mediated by protein kinase C (PKC) (Prpic, et al. 1987).
The Ca2+-mobilizing action of IP is rendered by two specific enzymes, IP 3-kinase and
3

3

IP 5-phosphatase (Nahorski and Potter, 1989). The 5-phosphatase catalyzes the removal of the
3

5-phosphate group to produce inositol-1,4-bisphosphate (Nahorski and Potter, 1989), whereas 3kinase catalyzes the phosphorylation of IPj to generate inositol- ,3 ,4 ,5-tetrakisphosphate
1

(Wilcox, etal. 1993; Wilcox, etal 1994). Kimura eta l (1987) reported that the activation of
IP 3-kinase is a Ca +-calmodulin-dependent process. In addition, IP 3-kinase exhibits similar
3

2

3

stereoselectivity and positional selectivity as the IPjR. In contrast, IP 5-phosphatase, possessing
3

affinity for most of the inositolphosphates and analogues, appears to be considerably less
selective than IP 3-kinase (Nahorski and Potter, 1989). The inositol is the end product of the
3

inositol phosphate metabolism responsible for inactivating IP (Nahorski and Potter, 1989).
3

IV.

IP3R and IP3-induced [Ca2+]f Release.

IPjR

The IP R is an intracellular Ca2+release channel responsible for mobilizing stored Ca2+.
3

Three different receptor subtypes have been cloned, and their genes have been classified into a
family (Ferris and Snyder, 1992; Mikoshiba, K. 1993). Each of the three distinct types of IP3R
subtypes encodes a large protein of between 2671 and 2833 residues. They form tetrameric
structures and have a large cytoplasmic N-terminal regulatory domains linked to a series of Cterminal membrane-spanning regions that form the intrinsic Ca2+channel (Mikoshiba, K. 1993).
Residues within the N-terminal 650 residues of the type 1 IP3R are the major determinants of IP
binding (Mikoshiba, K. 1993). Hydrophobicity plots, mutagenesis studies and comparison with
other Ca2+channels, such as ryanodine receptor, are most consistent with the presence of

6

membrane-spanning regions (M1-M6) within the 550 residues of the C-terminal of each of the
IP3Rs (Michikawa, etal. 1994; Mignery, etal. 1990). A high density of negative charged
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3

residues of variable sequence in the region between M5 and M of IP3R may serve to concentrate
6

cations around the pore of the channel (Michikawa, et al. 1994; Yoshikawa, et al. 1992). The
major portion of the receptor faces the cytoplasmic space and is believed to contain a regulatory
domain, including phosphorylation sites and sites for ATP binding. In vitro studies
demonstrated that the brain IP3R is a substrate for PKA, PKC and Ca +-calmodulin-dependent
2

protein kinase II (Ferris, et al. 1991).
Many pieces of evidence suggest that multiple forms of the IP3R may exist in different
tissues. Large amount of the IP3R type-I proteins are found in the Purkinje neuron of the
cerebellum (Furuichi, etal. 1990). EP3R type-II is predominantly found in brain, with 65%
sequence identity with the type-I receptor (Sudhof, et al. 1991). The type-EH receptor is found
predominantly in pancreatic islets, kidney, and the gastrointestinal tract (Blondel, et al. 1993;
Maranto, A. R. 1994), which has 62% sequence identity with the type-I receptor. Partial
sequence data for a fourth form of IP3R have also been reported (Ross, et al. 1992; Parys, et al.
1995).
In addition to its tissue-specificity, cell-type specificity of the IP3R has also been
investigated. Sugiyama et al. (1994a) reported that most of the cell lines examined expressed
more than one type of IP3R simultaneously. While erythroblast cell line dominantly expressed
type-I IP R, the megakaryoblastic cell lines expressed type-I and -II IP Rs. In T and B cell lines,
3

3

both IP3R type-II and -HI were detected while the type-I receptor was only slightly expressed. In
the more mature T cell lines, type-DI receptor was dominant and type II receptor was hardly
detectable. On the other hand, type-II IP3R was predominantly expressed over type-in in the
more mature B cell lines. Sugiyama etal. (1994b) also reported that thioglycollate-elicited rat
peritoneal macrophages predominantly expressed IP3R type-II, although type-I and -in receptors
could, as well, be detected in some macrophage-like cell lines, such as THP-1 and U937
(Sugiyama, et al 1994a).
The question remains as to whether different types of IP3R subunits assemble to form
homotetramers or heterotetramers. It has been reported that IP3R subunits in cerebella only form
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homotetramers (Maeda, et al. 1991; Nakade, etal. 1994). However, more and more evidence
suggest the possibility that the IP3R complex is composed of heterotetrameric structures.
Monkawa etal. (1995) demonstrated by immunoprecipitation assay using type-specific
antibodies that the three IP3R subunits co-assemble in Chinese hamster ovary cells and rat liver.
Wojcikiewicz etal. (1995) separately reported a similar result suggesting the existence of
heterotetrameric structures in different cell lines.
IP j-induced [Ca?*]( Release
Calcium is released from the intracellular stores to the cytosol when IP binds to its
3

receptor on the ER membrane. It has been demonstrated that binding of a single molecule of IP

3

is sufficient to account for channel opening (Finch, et al. 1991; Watras, et al. 1991). However,
on the basis of finding evidence of cooperativity, Meyer etal. (1990) proposed that channel
opening depends on IP binding sequentially to the four putative binding sites of the tetrameric
3

receptor. Each binding step could cause a partial opening of the channel in order to account for
the different conducting states observed in patch recording of purified IP R. In consistent with
3

the above report, Hirota etal. (1995) studied the kinetics of Ca2+release by immunoaffinitypurified IP3R type-I in reconstituted lipid vesicles, in which IP3-induced Ca2+release exhibited
positive cooperativity, meaning 1) binding of a single IP molecule only resulted in an partial
3

opening of the Ca2+channel and 2) binding of the first IP molecule facilitated the subsequent IP
3

3

binding to the receptor. Their experiments also demonstrated a biexponential profile of the IP3induced Ca2+release, suggesting that IP3R has two states to release Ca2+. The fast phase of Ca2*
release is mediated by the low affinity state of the receptor and requires a high concentration of
IP3, whereas the slow phase is mediated by the high affinity IP3R and requires a relatively low
concentration of IP (Hirota, et al 1995). However, the actual cause and the constitution of these
3

low and high affinity states of the IP 3R remains obscure. In addition, whether this is a unique
property of IP3R type-I or a common phenomenon among all the IP3Rs still needs to be
determined.
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V.

Activation of PKC.
PKC exists as a family of up to 10 isoenzymes which have been classified into three

groups, classical or conventional PKCs (cPKCs), new PKCs (nPKCs), and atypical PKCs
(aPKCs) (Nishizaka, et al. 1988). The cPKCs (PKC-a, -01, -pn, and -y) have four conserved
(Cl to C4) and five variable (VI to V5) regions. The Cl region is a putative membrane-binding
domain. The C2 region appears to be related to the Ca2+sensitivity of the enzyme. The C3
region contains the catalytic site which is capable of binding to ATP. The C4 region is necessary
for recognition of the substrates to be phosphorylated (Ono, Y. 1989). The cPKCs (PKC-a, -P i
-PII, and -y) require Ca2+, DAG, phosphatidylserine, or phospholipids to be activated. The
nPKCs (PKC-5, -e, - tj, -0) lack the C2 region, therefore, do not require Ca2+ for their activation
(Nishizaka, e ta l 1988). The aPKCs (PKC-£, and -A.) have only one cysteine-rich zinc fingerlike motif which is normally contained in the Cl region (Nishizaka, et al. 1988). Their
activation depends on phosphatidylserine but not Ca2+, DAG, or phorbol esters (Nishizaka, etal.
1988). Chang et al. (1993) demonstrated using Western blot analysis that PKC-a and -P
isoforms were the two predominant isoforms observed in monocytes/macrophages, although
PKC-e and -£ were also detected in small amount. Therefore, the activation for PKCs in
monocytes/macrophages generally follows the pattern of cPKCs, which, unlike the other two
groups, is Ca +-dependent.
2

PKC activity induced by LPS in monocytes has been implicated in activation to a
tumoricidal state and in production of TNF-a, and IL-1 p. Shapira etal. (1994) reported that
LPS-induced TNF-a and IL-1 P secretion were completely blocked by PKC inhibitor, H-7. They
also demonstrated that LPS stimulation only slightly increased intracellular level of DAG, and
pretreatment of monocytes with the DAG inhibitor, R59022, did not affect LPS-induced cytokine
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secretion, indicating that the LPS-mediated activation of PKC in monocytes is probably DAGindependent, which leaves the other important PKC activator, [Ca +]j, a highly possible
2

candidate.
The role of PKC in activating the transcriptional factors of cytokine genes has been
studied. The NF-kB binding site(s) exist in the promoter regions of proinflammatory cytokines
produced by LPS-activated macrophages. The NF-kB binding protein which is normally
inactivated in cytoplasm by binding to an inhibitor, I kB, is released into the nucleus and
becomes activated following the phosphorylation of the inhibitor by PKC (Lozano, etal. 1994).
Another example is transcriptional factor, AP-1, which is composed of the dimerized protein
products offos and jun proto-oncogenes. Both TNF-a and IL

- 6

genes contain AP-1 elements in

their promoter regions (Newell, etal. 1987; Dendorfer, etal. 1994). Flescher etal. (1995)
demonstrated that the expression of AP-1 depends on Ca2+mobilization and PKC activation.
Finally, many LPS-inducible genes, such as EL- , TNF-a and IL-1 p, contain functional NF-IL
6

- 6

sites (Natsuka, et al. 1992; Godambe, et al. 1994; Pope, etal. 1994). Trautwein etal. (1993)
reported that PKA- and PKC-mediated phosphorylation at serine 105 in the NF-IL

- 6

activation

domain led to increased transcriptional efficacy of this transcriptional factor.

VI.

Summary.
External signaling molecules, arriving at the cell, engage surface receptors to initiate

signaling pathways whereby information flows from one component to the next until the final
effector system is activated. In monocytes/macrophages, although the specific receptor for LPS
has not been clearly defined, the PLC-y-catalyzed breakdown of the membrane element PIP into
2

IP and DAG has been demonstrated to be the major pathway of LPS signaling. Whether the
3

activation of PLC-y requires the participation of PTKs remains controversial. The outcomes of
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this reaction are the release of IPj-induced intracellular calcium, and the subsequent activation of
PKCs (mainly PKC-a and -(3 in macrophages) which may be activated by DAG as well. The
effector system in regulating cytokine gene expression is the various transcriptional factors, such
as NF-kB, AP-1, and NF-IL- , which have been demonstrated to be regulated by the activated
6

PKCs. These transcriptional factors can function in a conventional manner by recognizing distal
enhancer elements, or direct initiate transcription by recognizing sequences proximal to the
transcription start site and recruiting general transcriptional machinery.
In addition to the aforementioned signaling pathway, other pathways, such as the
mitogen-activated protein kinase (MAPK) pathway and the downstream target of ras proteins
(Howe, etal. 1992; Moodie, etal. 1993; Van, etal. 1993; Geppert, etal. 1994), and a Gprotein/PKA mediated pathway (Jakway and Defranco, 1986; Daniel, et al. 1989; Yasui, et al.
1992; Helper and Gilman, 1992; Zhang and Morrison, 1993) have also been reported to be used
by LPS in inducing cytokine production by macrophages. It is believed that factors, such as the
level of LPS in the microenvironment and difference in activation state of macrophages, may
alter the relative importance of each pathway in LPS-responsiveness.
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STUDY 1

Exposure to the Herbicide, Propanil, Causes the Reduction of Cytokine
Production by Murine Peritoneal Macrophages
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Department of Microbiology and Immunology, School of Medicine, Robert C. Byrd Health
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ABSTRACT
Intraperitoneal (i.p.) exposure to propanil (3,4-dichloropropionanilide) has previously
been shown to affect macrophage cytotoxicity. In this study, we compare the immunotoxic
effects of propanil, after different routes of administration, on cytokine production by
thioglycollate-elicited peritoneal macrophages. We also investigated the effector molecules in
propanil-induced immunotoxicity. C57B1/6 mice were treated with either vehicle, 200 mg/kg
propanil i.p., or either vehicle, 40, or 400 mg/kg propanil orally. Three or 7 days later cytokine
production by macrophages was determined. Both oral and i.p. propanil exposure caused
splenomegaly and thymic atrophy in animals, and resulted in significantly reduced IL

- 6

and

TNF-a production by LPS-stimulated macrophages. In vivo exposure to the primary metabolite
of propanil, 3,4-dichloroaniline (DCA) did not affect cytokine production 3 days after the
treatment, but did decrease cytokine production 7 days after the treatment, suggesting that the
effect of DCA on macrophage cytokine production may be delayed as compared to that of
propanil. In vitro exposure to propanil significantly reduced macrophage cytokine production,
however, DCA at equal molar concentrations, did not alter cytokine production. DCA
concentrations at least

1 0

-fold higher were required to inhibit cytokine production in a dose-

dependent manner. Therefore, the parental compound, propanil, and the metabolites of DCA
may play an important role in the immunotoxic effects of propanil on macrophage cytokine
production.

INTRODUCTION
The immunotoxic effect of propanil (3,4-didiloropropionanilide), an economically important
herbicide, on mammalian systems has been previously reported (Singleton and Murphy, 1973; Chow
and Murphy, 1975; Barnett and Gandy, 1989; Barnett etal, 1992; Theus et al, 1993). Although
some functional immune assays are relatively refractory to propanil’s effects, T-dependentand Tindependent antibody responses are significantly altered by propanil after i.p. administration to mice
(Bamett etal., 1992). Effects of propanil on specific immune cell types are also apparent
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Macrophages are one of the major immune cell types that are affected by propanil treatment, others
include natural killer (NK) cells andT helper cells (Barnett et al., 1992). Recent work in our
laboratory has demonstrated that i.p. exposure to propanil significantly inhibited IL-2 and IL

- 6

production by splenic lymphocytes (Zhao et al., 1995a). It has also been found that propanil
administration depleted the CD4+CD8+ T cell population in the thymus suggesting a possible effect of
propanil on T cell development (Zhao et al., 1995b).
The major metabolite of propanil in rodents is 3,4-dichloroaniline (DCA), which is generated
through an acylamidase catalysis of the parent compound (Singleton and Murphy, 1973; McMillan et
al., 1990a). McMillan and his coworkers have demonstrated that propanil must be converted to DCA
and subsequently to the oxidized metabolites of DCA to induce acute methemoglobin formation in
vitro (McMillan et al., 1990a; McMillan etal., 1990b; McMillan etal., 1990c). The immunotoxicity
of DCA has been studied by Barnett and Gandy (Barnett et al., 1992). They found that both propanil
and DCA, at equal molar concentrations, are capable of inducing splenomegaly in mice after i.p.
exposure (Barnett etal., 1992). Intraperitoneal administration of DCA also caused significant
decreases in T-dependentand T-independent humoral immune responses, and inhibited NK cell
activity in mice (Barnett etal., 1992). The effect of DCA on murine macrophage function has not
previously been studied.
Macrophages, which belong to the mononuclear phagocyte lineage, are distributed throughout
most tissues. They play a role in inflammation, host defense, and in reactions against a range of
autologous and foreign materials. Their immune functions include the uptake and presentation of
antigens toT cells, the release of modulatory molecules, and their participation as an effector cell
against microbes and tumors (Unanue, 1993). Among the key biological molecules released by
macrophages are cytokines. IL and TNF-a are two representative cytokines that promote or
- 6

mediate the acute inflammatory response as well as the response of lymphocytes. Previous studies
have shown that Lp. exposure to propanil significantly affected the cytotoxic activity of macrophages,
possibly through its effect on cytokine release (Theus et al., 1993). Therefore, a study was
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undertaken to determine if propanil affected macrophage cytokine production as an aid to understand
the mechanism of its immunotoxicity.
In this paper, we report the effects of i.p. exposure to propanil on thioglycollate-elicited
peritoneal macrophage cytokine production. In addition, we demonstrate the immunotoxic effects of
acute oral exposure to propanil or DCA, a potential route of exposure for humans, on IL

- 6

and TNF-

a production by macrophages. We found that oral exposure to propanil induced splenomegaly and
thymic atrophy in animals. Both i.p. exposure and acute oral exposure of mioe to propanil
significantly decreased IL

- 6

and TNF-oc production by macrophages 3 and 7 days after the treatment.

However, oral exposure to the same molar concentrations of DCA only significantly inhibited
cytokine production 7 days after the treatment, but not 3 days after the tre&ment. In vitro studies of
propanil and DCA suggested that the inhibitory effects on cytokine production may be due to the toxic
effects of the parent compound as well as DCA and/or its subsequently formed metabolites.

MATERIALS AND METHODS
Animals.
C57B1/6 mice weighing 18 to 20g were purchased from Charles River Farms
(Wilmington, DE). All animals were allowed to acclimate to our vivarium facilities at least 7
days before their inclusion in an experiment and were provided food and water ad libitum. All
animals were assayed between 7 and 12 weeks of age.
In vivo exposure to propanil or DCA.
In the i.p. exposure experiments, C57B1/6 mice were injected with 200 mg/kg of propanil
at the volume of 1 p.l/g of body weight. Three or 7 days later the cells were harvested as
previously described (Barnett etal., 1992; Theus etal., 1993). In the oral exposure experiments,
the animals were gavaged with either 40 or 400 mg/kg of propanil, or equal molar concentrations
of DCA at the volume of 1 fil/g of body weight 3 or 7 days prior to cell harvest. The control
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animals received the same amount of com oil (propanil vehicle) as the xenobiotic treated animals
in the i.p. exposure. Peanut oil was used to dissolve propanil in the oral intubations. Individual
body weights, spleen weights, thymus weights, and liver weights were also determined for each
animal.
Macrophage harvest and cell preparation.
Mice were injected i.p. 3 days before macrophage harvest with 1.5 ml of 3% sterile
thioglycollate broth that had been aged at least 30 days. The peritonea of all of the animals were
surgically exposed using a midline incision. Total cells were harvested by injecting 10 ml of
phosphate-buffered saline (PBS) (Gibco, Grand Island, NY) containing 10 U/ml heparin (Sigma,
St. Louis, MO) into the peritoneal cavity followed by syringe aspiration. Cell suspensions were
washed twice by centrifugation (4°C, 500g) and assayed for viability using trypan blue
exclusion. Macrophage numbers were appropriately adjusted for each experiment. Cells were
plated in RPMI 1640 (Gibco, Grand Island, NY) containing 10% fetal bovine serum (FBS,
Hyclone, Logan, UT), 100 units penicillin/100 mg streptomycin, 2 mM L-glutamine, and
incubated for 2 hr at 37°C, 5% CO in a humidified chamber. Monolayers were vigorously
2

washed with three bursts of warm PBS and the non-adherent cells removed by vacuum
aspiration. All macrophage monolayers were monitored by inverted microscopy throughout these
experiments.
In vitro exposure o f macrophages to propanil or DCA.
Thioglycollate-elicited mouse peritoneal macrophages were plated at the concentration
that was required for each experiment. Propanil or DCA stock solution, dissolved in 99%
ethanol (EtOH), was added to the cultures. The final concentrations used for propanil and DCA
were not directly toxic to cells and resulted in > 90% viability. The control groups were cultured
in media containing the same concentration of EtOH (0.33%) as the treated groups.

Both

control groups and xenobiotic treated groups were stimulated with 10 |ig/ml LPS for 3, , 12, 24,
6

36,48 or 72 hours. The supernatants at each time point were collected and frozen at -70°C for
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cytokine determination by specific ELISA and L929 bioassay. Non-stimulated cultures did not
produce detectable levels of cytokines. Trypan blue exclusion was performed on representative
wells of cells after the supernatants were collected at each time point to assess viability. In all
cases, viability was > 90% (data not shown).
Specific ELISA.
Macrophage cell supernatants were assayed for their cytokine content using an ELISA
assay system (Pharmingen, San Diego, CA) according to the manufacturer's instructions.
Briefly, purified anti-cytokine capture monoclonal antibody in coating buffer (0.1 M NaHCC> ,
3

pH 8.2) was added to wells of an enhanced protein binding ELISA plate and incubated overnight
at 4°C.

After washing twice with “washing buffer” (PBS/0.05% Tween), the plate was blocked

with PBS/10% serum for 2 hours to reduce nonspecific binding. The standards and samples
were added, and the plate was incubated overnight at 4°C. The plates were washed 4 times and
the biotinylated anti-cytokine detection monoclonal antibody added. The plate was incubated at
room temperature for 45 minutes, and then washed six times prior to adding avidin-peroxidase in
PBS/10% serum. Following a 30 min incubation at room temperature, 2,2’-azino-bis(3ethylbenz-thiazoline- -sulfonic acid) (ABTS) substrate with H 0 was added, and the plate read
6

2

2

at OD 405 nm (Bio Tek Instruments, Winooski, VT).
L929 assay fo r TNF.
A bioassay for TNF activity was performed with L929 cells (Hogan and Vogel, 1988).
TNF-sensitive L929 cells were plated in 96-well tissue culture plates at a concentration of 5 x 10

4

cells/well. After a 24 hour incubation at 37°C and 5% C 0 2, the cell culture media was removed
from the cells. Fifty microliters of medium, together with 50(xl of either recombinant TNF-a or
sample was then added to each well. Fifty microliters of actinomycin D solution

( 8

|il/ml) was

also added to the cultures to stop the proliferation of L929 cells. The plate was incubated for 18
hours in a 37°C, 5% C 0 humidified incubator. The supernatants in each well were then
2

removed, and the cells were washed once with 0.9% saline. Fifty microliters of 0.05% crystal
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violet in 20% ethanol was added to each well. The plates were incubated at room temperature
for 10 min and then rinsed with gentle cold tap water thoroughly. The plates were air dried for

2

hours. One hundred microliters of 100% methanol was added to each well. The plates were read
immediately with a microtiter plate reader at an absorbance of 590 nm (Bio Tek Instruments,
Winooski, VT).
Statistics.
In all cases, the data comparing the effect of various doses were initially checked for
homogeneity of variance using Bartlett’s test, followed by a one-way analysis of variance. Those
groups that were significantly different from each other were determined using the StudentNewman-Keuls multicomparisons test (p<0.05) using SigmaStat (Jandel Scientific, San Rafael,
CA) statistical software. The analysis of multi-group comparisons for the ex vivo time course
studies was carried out by two-way ANOVA test. The results from a representative experiment
are shown, however, all experiments were repeated with similar results. All error bars and error
values are the standard deviations.

RESULTS
Effects o f oral or i.p. exposure to propanil on organ size.
Propanil has been shown previously to induce thymic atrophy and splenomegaly (Barnett
and Gandy, 1989). We have examined the effects of a dose range of propanil given either i.p.
(100 mg/kg - 200 mg/kg) or orally (4 mg/kg - 400 mg/kg) on the thymuses, spleens, and livers 3
and 7 days after treatment. The results are expressed as the percent of the total body weight.
The thymus showed a dose dependent (p < 0.05) decrease in size at 3-4 days after i.p. treatment
(Table ). Seven days after i.p. treatment, the thymus weight was still reduced. Splenomegaly
6

was present in mice 7 days after i.p. treatment with 150 mg/kg and 200 mg/kg of propanil (Table
6

). Significant splenomegaly was still apparent (p < 0.05) 14 days after exposure (data not

shown). Oral treatment with only the 400 mg/kg dose of propanil led to significant thymic
atrophy 3 days after exposure (Table ). Seven days after oral treatment, thymus weights had
6
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returned to normal (data not shown). Only the high dose of oral propanil (400 mg/kg, i.p.)
induced splenomegaly 7 days after treatment (Table ). The liver showed no significant
6

differences in weight at any of the doses or exposure routes tested (i.p. or orally), during the
same time period (Table ). Treatment with propanil also did not affect the overall body weights
6

of the mice. These experiments demonstrate that: 1) both i.p. and oral exposure to propanil can
cause thymic atrophy and splenomegaly, and ) oral exposure to propanil has similar effects as
2

i.p. exposure, but a higher dose is necessary to achieve the same biological effects.

Intraperitoneal exposure to propanil reduced cytokine production by macrophages.
To determine the immunotoxic effects of propanil on macrophage cytokine production,
C57B1/6 female mice were exposed to 0 (vehicle) or 200 mg/kg propanil intraperitoneally.
Three or seven days later, the thioglycollate-elicited macrophages were collected and
restimulated ex vivo with 10 fig/ml LPS. The production of IL

- 6

by macrophages was decreased

from 10.90± 1.74 pg/ml to 3.10± 0.97 ng/ml and62.1 ± 0.05 ng/ml to42.3 ± 0.28 ng/ml in the
3-day and 7-day propanil-treated groups, respectively, when compared to the vehicle-treated
groups (Figure 2). TNF-a production by macrophages from 3-day and 7-day propanil-treated
mice was also reduced by 71% (0.72 ± 0.06 ng/ml to 0.209 ± 0.016 ng/ml) and 55% (6.95 ± 0.17
ng/ml to 3.13 ± 0.06 ng/ml) of control, respectively (Figure 2).
The ex vivo time course studies demonstrated that i.p. exposure of propanil for 3 days
suppressed LPS-stimulated IL

- 6

production dramatically at

hours (from 11.6 ± 0.01 ng/ml to

6

2.15 ± 0.25 ng/ml) (Figure 3A). Significant differences in IL

- 6

production were noted at most of

the time points. Although at 36 and 72 hours, macrophages from propanil-treated animals
produced less EL-6 than those from the control animals, the effect was not statistically significant
(Figure 3A). Significant decreases in TNF-a production by propanil-treated macrophages after
72
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stimulation with LPS for 12, 24, or 36 hours were also apparent. The level of TNF-a in the
propanil-treated group was reduced up to 54% (from 710 ± 12 pg/ml to 325 ± 4 pg/ml) at the 12hour time point and returned to the control level by 72 hours (Figure 3B). Therefore, these
results demonstrate that i.p. exposure of mice to propanil significantly inhibited LPS-induced IL6

and TNF-a production by macrophages (Figure 2 and 3).

Oral exposure to propanil or DCA reduces LPS-induced IL-6 and TNF-a production by
macrophages.
Mice were treated with a single dose of 0 (peanut oil), 40 or 400 mg/kg of propanil, or
equal molar concentrations of DCA. At 3 and 7 days following exposure, LPS-induced EL and
- 6

TNF-a production by peritoneal macrophages was determined.
Figure 4 shows that acute oral exposure to 400 mg/kg propanil significantly inhibited
LPS-induced IL

- 6

production by 60% and 40% in the 3 and 7 day groups, respectively. Propanil

at 40 mg/kg moderately reduced the production of EL- , however, the effect was not consistently
6

significant (Figure 4). In addition, TNF-a production by macrophages was significantly
decreased by propanil at doses of 40 and 400 mg/kg in both 3-day and 7-day groups (Figure 4).
In contrast, three days after exposure to DCA, the production of EL and TNF-a by LPS- 6

stimulated macrophages was not affected (Figure 5). However, seven days after DCA exposure,
at both 29 and 290 mg/kg, DCA significantly inhibited the production of IL

- 6

fact, DCA at 290 mg/kg reduced the production of IL

- 6

and TNF-a by

6

8

and TNF-a. In

% and 78%,

respectively. These results suggest that, unlike propanil, DCA does not have an immediate effect
on cytokine production after a single oral exposure, rather the effects are delayed.
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Effects o f in vitro exposure to propanil or DCA on LPS-induced cytokine production by
macrophages.
To determine the direct immunotoxic effects of propanil and DCA on macrophage cytokine
production, in vitro exposure of macrophages to propanil and DCA was examined. Initially, a cell
viability assay was performed and macrophages which were exposed to < 0.05 mM of propanil or<
0.5 mM of DCA were greater than 90% viable (data not shown). Hencefore, macrophages were
concurrently exposed in vitro to propanil (0.02 mM) or DCA (0.02,0.1, and 0.2 mM), and LPS for
the indicated times.
In vitro propanil (0.02 mM) exposure for 24 hours significantly reduced LPS-induced IL

- 6

and TNF-a production to 40% (from 10.2 ± 0.2 ng/ml to 4 ± 0.2 ng/ml) and 42% (from 874 ±
.1

pg/ml to 370 ±

6

8 8

pg/ml) of control, respectively (Figure ). The in vitro DCA exposure (0.02 mM)
6

for 24 hours, however, did not affect cytokine production by macrophages as compared to the control
groups (Figure ).
6

An in vitro time course and dose-dependent assay was performed for DCA. Macrophages
which were exposed to 0.02 mM DCA produced IL

- 6

at levels comparable to controls throughout the

72-hour period of LPS stimulation, whereas 0.1 and 0.2 mM DCA inhibited LPS-induced IL

- 6

production by macrophages in a dose-dependent manner (Figure 7A). In addition, 0.02 mM DCA
did not affect TNF-a production, however, 0.1 and 0.2 mM DCA reduced TNF-a production in a
dose-dependent manner (Figure 7B). These results suggest that in vitro exposure to DCA at
concentrations of at least one Iog higher than the parent compound, propanil, were required to
10

significantly inhibit IL

- 6

and TNF-a production by macrophages.

DISCUSSION
We found that ex vivo production of two key proinflammatory cytokines, IL

- 6

and TNF-a,

was reduced in a dose-dependent manner at both 3 and 7 days after i.p. administration of
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propanil. The chronology of production during the ex vivo culturing period did not differ
between the control and treated groups indicating an absolute reduction in production and not a
shift in peak time of production. Additional experiments using the more environmentally
relevant route of dosing with propanil orally showed similar effects on both organ weights and
cytokine production as was previously noted using the i.p. route of dosing (Barnett et al., 1992;
this report). The results obtained when animals were dosed with the first immediate metabolite
of propanil, DCA, differed in that no reduction in cytokine production was noted at 3 days post
exposure, however, by 7 days post-exposure, reductions in IL

- 6

and TNF-a were found. The

magnitude and ex vivo pattern of these reductions were similar to those seen with propanil.
In vitro exposure to propanil or DCA induced similar reductions in cytokines, however, these
experiments also revealed some important differences between the effects of the two compounds.
In vitro exposure to 0.02 mM of propanil produced significant reductions in cytokine production,
however, 10 fold higher DCA doses were required to induce the same level of cytokine
reduction. In our previous report on the immunotoxicity of DCA (Barnett et al., 1992), we
demonstrated reduced T-dependent antibody production only at the highest DCA dose tested,
i.e., 150 mg/kg; which is equivalent to a propanil dose of 200 mg/kg. Propanil reduces Tdependent antibody production at doses as low as 50 mg/kg (Barnett and Gandy, 1989). All of
these previous studies were conducted 7 days after propanil or DCA administration (Barnett and
Gandy, 1989; Barnett etal., 1992; Theus etal., 1993). Using IL

- 6

and TNF-a production as an

indicator, we show that both propanil and DCA, at equivalent doses, reduced cytokine
production at day 7. However, at day 3 post-exposure, neither cytokine was reduced at either
DCA concentration. In vitro dosing experiments appear to confirm the day 3 post-z/i vivoexposure results by showing that a ten-fold higher concentration of DCA was required to induce
equivalent immunotoxicity to propanil.
We speculate that the concentration differences, for equivalent in vitro effect, and the timeto-effect differences may be inter-related. Little is known about the in vivo pharmacokinetics of
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propanil, other than that the first immediate in vivo metabolite is DCA. No published reports are
known that definitively trace the metabolic, breakdown of propanil in mice that would detail
either the identity of all metabolites, time required to form such metabolites and whether they are
accumulated in specific tissues. It has been reported that DCA must be further metabolized in
vitro to the N-hydroxy-DCA or -hydroxy-DCA to induce methemaglobulin, a general toxic
6

manifestation of in vivo propanil exposure (McMillan et al., 1990a). Inasmuch as our in vitro
results clearly show that propanil reduces IL

- 6

and TNF-a at both early and later time periods,

the delay in time-to-effect noted for DCA (verses propanil) may reflect that the parent
compound, propanil, has a direct, and therefore, a more immediate immunotoxicity. In contrast,
DCA, lacking any direct effects on macrophage cytokine production, may have to be further
converted to an active metabolite prior to manifesting any toxicity. This may be compounded by
a need to accumulate to a critical concentration. Propanil is presumably also metabolized to
DCA and therefore ultimately follows this path resulting in both the immediate, as well as the
more protracted, DCA or DCA-metabolite induced immunotoxic manifestations.
It has been shown by previous studies that in vivo propanil exposure (i.p.) at doses as low
as 50 mg/kg reduce T-dependent antibody responses (Bamett et al., 1992). Antigen presenting
cells, such as macrophages, are one of a trilogy of cell types required to produce a humoral
response; the others being T helper cells and B cells. Cytokine secretion has been demonstrated
to be the major mechanism regulating the interaction and the function of these cell types. IL

- 6

was first shown to induce the proliferation and immunoglobulin secretion of B cells (Dutton et
al., 1971; SchimpI and Wecker, 1972). One of the late actions of DL-6 on B cells following
proliferative signals, is to increase the secretion of IgM (Hilbert etal., 1989). Therefore, a
failure of sufficient IL

- 6

production by macrophages could be partially responsible for the

reduced antibody production measured by hemolytic plaque formation after propanil exposure
(Bamett etal., 1992).
Hematopoietic effects of IL

- 6

have also been observed, as first noted in its synergy with

IL-3 in inducing proliferation of pluripotent stem cells in vitro (Ikebuchi etal., 1987). In
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sublethally irradiated mice, IL

- 6

administration increased colony-forming units (CFU) in spleen

and bone marrow (Okana et al., 1989) and, in lethally irradiated mice, promoted hematopoietic
recovery of engrafted bone marrow. The decrease of IL

- 6

production by the major producer,

macrophage, may be contributing to the selective myelotoxicity of propanil in mice, since
propanil, at doses of 50-200 mg/kg, has been shown to reduce the number of myeloid stem cells
and early myeloid and erythroid progenitor cells (Blyler etal., 1993).
In addition to these well described actions, IL

- 6

cells and thymocytes. IL

- 6

can also serve as a costimulator of T

acts as a cofactor with immobilized anti-T cell receptor antibody to

induce T cell proliferation through the production of IL-2 (Garman etal., 1987; Stein and Singer,
1992). Recent work in our laboratory demonstrated that propanil exposure significantly
inhibited IL-2 and EL production by splenic T cells (Zhao etal., 1995a). It has also been
- 6

demonstrated that propanil depleted the CD4+CD8+ Tcell populations in thymus (Zhao etal.,
1995b; Cuff etal., 1996).
It has been shown previously that propanil reduced the contact hypersensitivity response
(CHR) in animals (Bamett and Gandy, 1989). CHR, a delayed type hypersensitivity (DTH), is
the result of perivascular infiltration of lymphocytes and macrophages plus edema and fibrin
deposition resulting from leakage of plasma from capillaries and venules (Abbas et al., 1994).
Cytokines, particularly IFN-y and TNF-a are the secreted mediators and effector molecules
involved in DTH reaction (Abbas et al., 1994). The reduced TNF-a production by propaniltreated macrophages may, therefore, also play a role in the decreased CHR in propanil-treated
animals.
Both IL

- 6

and TNF-a are considered to be proinflammatory, and can be carried via the

blood to distant sites, inducing the inflammatory process and the acute phase response to foreign
agents such as microbial endotoxins. The acute phase response is characterized by fever and
major shifts in the types of serum proteins synthesized by hepatocytes. TNF-a and IL

- 6
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each

induce increased production of acute phase proteins in the liver in response to infection,
including a , - acid glycoprotein, C3, Factor B, haptoglobin, serum amyloid A (SAA), and serum
amyloid P (SAP), etc. (Perlmutter etal., 1986; Andus etal., 1987; Gauldie etal., 1987). These
acute phase proteins act like non-specific antibodies in that they bind to the surfaces of some
pathogens and activate complement (Janeway and Travers, 1994). Therefore, the propanilinduced reduction of EL and TNF-a by macrophages could moderate the innate immunity
- 6

against infections in animals.
In summary, our present study demonstrates that in vivo and in vitro exposure to propanil
caused significant decreases in macrophage production of IL

- 6

and TNF-a, which may be, at

least partially, contributing to the overall immunotoxicity of propanil and its metabolites.
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Table 6
Organ Weights of Animals Treated In Vivo with Propanil
Route of
exposure
Intraperitoneal

Dose (mg/kg)
Thymus °
Vehicle
1 0 0

150
2 0 0

Vehicle
4
40

Oral

2 0 0

400

0

0.30 ±0.09
0.23 ± 0.04'
ND"

Percent Body Weight ± SD “
Spleen c
Liver'

0.18 ± 0 .0 7 '

0.48 ±
0.59 ±
0.62 ±
0.98 ±

0.08
0.06
0.06'
0.02'

5.38 ± 0.49
5.60 ±0.28
5.90 ±0.37
5.11 ±0.34

0.32 ± 0.04
0.28 ± 0.06
0.29 ± 0.05
0.29 ± 0.04
0.17 ± 0 .0 3 '

0.43 ± 0.07
0.45 ± 0.05
0.42 ± 0.05
0.48 ± 0.05
0.64 ± 0 .0 8 '

5.21 ±0.30
5.28 ± 0.49
5.40 ± 0.43
5.56 ± 0.20
5.50 ± 0.43

Percent Body Weight ± SD: Results are the mean percent body weight ± standard deviation for

mice ( - /group) that were treated intraperitoneally or orally with either the vehicle or different
3

6

doses of propanil.
b Thymus: thymuses were harvested and weighed 3-4 days after treatment.
e Spleen and Liver: spleens and livers were harvested and weighed 7 days after treatment.
d ND: not done
' p < 0.05
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Figure 2. The inhibitory effects of i.p. administration of propanil on IL-6 and TNF-a production
by thioglycollate-elicited peritoneal macrophages. C57B1/6 female mice were injected i.p. with
200 mg/kg propanil (PRN) or the same amount of the vehicle, com oil. Three and seven days
following the injection, the adherent macrophages were stimulated in vitro with 10 |ig/ml LPS
for 12 hours (TNF-a) or 24 hours (IL- ). The supernatants were collected, and cytokines
6

measured by specific ELISA. * p < 0.05.
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Figure 2

Figure 3. The ex vivo time course of LPS-induced EL

- 6

and TNF-a production after i.p. propanil

exposure. C57BI/6 mice were exposed i.p. to vehicle or 200 mg/kg propanil for three days.
Thioglycollate-elicited macrophages were collected, and put into culture with 10 |ig/ml LPS for
the indicated time. The production of IL

- 6

(A) and TN F-a (B) in the cultural supernatants was

measured by specific ELISA.
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Figure 3

Figure 4. The inhibitory effects of acute oral exposure to propanil on EL-6 and TNF-a
production by thioglycollate-elicited macrophages from C57B1/6 mice. C57B1/6 mice were
orally exposed to either the vehicle (peanut oil), or 40 or 400 mg/kg propanil. Three and seven
days after the exposure, macrophages were stimulated in vitro with 10 |ig/ml LPS for 24 hours.
The supernatants were collected, and cytokine measured by specific ELISA. * p < 0.05.
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Figure 4

Figure 5. The effects of acute oral exposure to DCA on D L-6 and TNF-oc production. C57B1/6
mice were orally treated with the vehicle, 29 or 290 mg/kg of DCA. Three days and seven days
after the treatment, thioglycollate-elicited macrophages were obtained, and stimulated in vitro
with 10 fig/ml LPS for 24 hours. The levels of EL and TNF-oc were measured by specific
- 6

ELISA. * p < 0.05.
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Figure 5

Figure . The effects of in vitro exposure to propanil or DCA on LPS-induced cytokine
6

production by macrophages. Thioglycollate-elicited macrophages were obtained from C57B1/6
mice, and plated at a density of 5 x 10s cells per ml. LPS (10 p.g/ml) and either 0.02 mM
propanil (empty bars) or 0.02 mM DCA (hatched bars) were simultaneously added to the
cultures for 24 hours. The supernatants were then collected, and IL

- 6

measured by specific

ELISA and TNF-a measured by L929 bioassay. * p < 0.05.
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Figure 6

Figure 7. In vitro time course and dose-dependent effects of DCA. Thioglycollate-elicited
macrophages were obtained from C57B1/6 mice, and plated in culture with 10 (ig/ml LPS and
different concentrations of DCA for the indicated period of time. The supernatants were
collected, and IL

- 6

(A) measured by specific ELISA and TNF-a (B) measured by L929

bioassay.
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Figure 7

ADDENDUM TO STUDY 1
The focus of study 1 is on the effects of propanil and DCA on IL

- 6

and TNF-a

production by macrophages. As discussed in the Literature Review, IL-1 p, which is the
predominant form of IL-1 produced by monocyte/macrophages, is another multifunctional
proinflammatory cytokine. It is an important costimulator for T cell activation, although its role
may not be as potent as DL- . In the aspect of regulating the non-specific immune response, IL6

ip, exhibits functional redundancy with TNF-a and IL

- 6

(Table 5), and is not directly

tumoricidal by itself.
Both propanil i.p. and oral exposure resulted in the reduction of IL-1 P production by
thioglycollate-elicited peritoneal macrophages (Figure , and Figure 9A). Similar to IL
8

- 6

and

TNF-a production, oral exposure to molar equivalent dosages of DCA only induced a delayed
inhibition (7-day-post-exposure) upon IL-1 P production (Figure 9B).
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The ex vivo time course of LPS-induced IL-10 production after i.p. propanil exposure.
C57 Bl/6 mice were exposed i.p. to vehicle (com oil) or 200 mg/kg propanil for three days.
Thioglycollate-elicited macrophages were collected, and put into cultures with 10 pg/ml LPS
for the indicated time. The production of DL-ip in the cultural supernatants was measured by
specific ELISA.
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The In Vitro Immunomodulatory Effects of the Herbicide, Propanil, on
Murine Macrophage Interleukin-6 and Tumor Necrosis Factor-a Production

Yilin Cindy Xie
Department of Microbiology and Immunology, School of Medicine, Robert C. Byrd Health
Sciences Center of West Virginia University.
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ABSTRACT
Propanil (3,4-dichloropropionanilide) administered intraperitoneally has previously been
shown to alter macrophage function and cytokine production. In this in vitro study, we
investigated the immunotoxic effect of propanil on murine macrophage cytokine production.
Our results demonstrate that continuous in vitro exposure to propanil significantly inhibits'
interleukin-6 (IL-6) and tumor necrosis factor (TNF) protein production by thioglycollateelicited peritoneal macrophages (PEC) and the murine macrophage cell line, IC-21, after
bacterial lipopolysaccharide (LPS) stimulation. The inhibition was concentration-dependent.
Northern blot analysis demonstrates that the message levels of the cytokines were reduced by
approximately the same percentage as the protein levels in propanil-treated macrophages
indicating a possible transcriptional or pre-transcriptional target(s) for propanil.

INTRODUCTION
Propanil is used extensively as a post-emergent herbicide in rice and wheat production in the
United States (United States Environmental Protection Agency, 1987). These plants contain an
enzyme, acylamidase, which is capable of detoxifying propanil into 3,4-dichloroaniline (DCA)
and propionic acid (Matsunaka, 1986). The primary metabolism of propanil in mammals is also
mediated through an acylamidase-catalyzed hydrolysis of the parent compound.
The immunotoxic effects of in vivo exposure to propanil have been studied by Barnett et al.
(Barnett and Gandy, 1989; Barnett et al., 1992). In their previous reports, propanil was shown to
cause a significant increase in spleen weight and cellularity but decreased thymus weight.
Propanil also induces significant alterations in some functional immune assays. Propanil at
doses of 50 mg/kg or higher reduces T-dependent antibody production. Propanil has a
differential effect on T-independent antibody production, depending on the dose, with high doses
causing an inhibition while low doses enhance antibody production. The mixed lymphocyte
reaction and contact hypersensitivity responses in propanil-treated animals were significantly
depressed only at a dose of 400 mg/kg. Differential effects of propanil on specific immune cell
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types have also been noted. While propanil significantly decreases natural killer (NK) cell
activity, cytotoxic T lymphocyte activity is not affected by propanil. Recent work in our
laboratory demonstrated that propanil, administered intraperitoneally, selectively inhibited IL-2,
IL-6 and EFN-y production by splenocytes (Zhao etal., 1995a). We have also shown that
propanil administration results in a significant reduction of the immature CD4CD8 double
positive cell population in the thymus indicating a possible effect on T cell development (Zhao et
al., 1995b).
Macrophages influence the immune response in diverse and fundamental ways. Many of
their functions such as phagocytosis, antigen presentation, cytokine production, anti-microbial
activity and tumoricidal activity contribute to the role of the macrophage in host defense. These
functions are in a dynamic flux that is controlled by a complex combination of numerous stimuli
received from the tissue microenvironment. The effects of these stimuli on the macrophage are
usually associated with specific alterations in gene expression after a series of intracellular
signals initiated by ligand-receptor interaction. The multifunctional cytokines, EL-6 and TNF-a,
are produced by activated macrophages and act as major effector molecules in the pathogenesis
of septic shock, bacterially mediated local tissue destruction, and necrosis of tumors. IL-6 is also
a major mediator of the acute phase response in the liver (Auger and Ross, 1991).
Although in vivo studies, as described above, are essential to establish the effects of
xenobiotics on the immune system, the interactions between the different cells involved directly
or indirectly in the immune response make it difficult to determine the direct effect of the agent
on a particular cell. Thus, we have examined the in vitro immunotoxicity of propanil on
cytokine production by C57B1/6 peritoneal macrophages as well as the IC-21 murine
macrophage cell line. Our results demonstrate that propanil, at concentrations of >0.01 mM,
significantly inhibits IL-6 and TNF protein production by both peritoneal macrophages and IC21 cells after in vitro LPS stimulation. We also demonstrate that the cytokine message levels in
LPS-stimulated macrophages are decreased to a similar degree by propanil treatment, indicating
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Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

that a possible mechanism of propanil’s action on cytokine production may be prior to
translation.

MATERIALS AND METHODS
Animals.
Female C57B1/6 mice weighing 18 to 20g were purchased from Charles River Farms
(Wilmington, DE). All animals were allowed to acclimate to our vivarium facilities at least 7
days before their inclusion in an experiment and were provided food and water ad libitum.
Macrophage harvest and cell preparation.
Mice were injected intraperitoneally with 1.5 ml 3% thioglycollate (aged for at least 30 days)
3 days before macrophage harvest. The peritoneum was surgically exposed using a midline
incision. Total cells were harvested by injecting 10 ml of phosphate-buffered saline (PBS)
(Gibco, Grand Island, NY) containing 10 U/ml heparin (Sigma, St. Louis, MO) into the
peritoneal cavity followed by syringe aspiration. Cell suspensions were washed twice by
centrifugation (4°C, 500g) and assayed for viability using trypan blue exclusion. Cells were
enumerated using a hemocytometer, and macrophage concentrations were appropriately adjusted
relative to the requirements for each experiment. Cells were plated in RPMI (BioWhittaker,
Walkersville, MD) containing 10% fetal bovine serum (FBS, Hyclone, Logan, UT), 100 units
penicillin/100 mg streptomycin per ml, and 2 mM L-glutamine and incubated for 2 hrs at 37°C,
5% CO in a humidified chamber. Monolayers were vigorously washed with three bursts of
2

warm PBS and the nonadherent cells removed by vacuum aspiration. All macrophage
monolayers were monitored by inverted microscopy throughout these experiments.
In vitro exposure of macrophages to propanil.
IC-21 cells or thioglycollate-elicited mouse peritoneal macrophages were plated at 2 x 10s
cells per ml for IL-6 determination and 3 x 106 cells per ml for TNF-a determinations. Stock
solutions of propanil in 99% ethanol were added to cultures for a final concentration of 0.005,
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0.01 or 0.02 mM propanil. The final ethanol concentration in the cultures was 0.33%. Control
groups were cultured in media plus 0.33% ethanol. Both control and xenobiotic-treated groups
were stimulated with 10 (Xg/ml LPS. The cells were incubated at 37°C, 5% CO for 3, 6, 12,
2

24,36,48 and 72 hours. The supernatants were collected and frozen at -70°C for specific
ELISA and L-929 cell assay. Non-stimulated cultures did not produce detectable levels of
cytokines. Trypan blue exclusion was performed with representative wells at each time point
after the supernatants were collected to assess final viability of the cells. Viability was always >
90%.
Specific ELISA.
Macrophage cell supernatants were assayed for their cytokine content using an ELISA assay
system (Pharmingen, San Diego, CA) according to the manufacturer's instructions. Briefly,
purified anti-cytokine capture monoclonal antibody in coating buffer (0.1 M NaHCC> , pH 8.2)
3

was added to the wells of enhanced protein binding ELISA plates (Coming, Coming, NY) and
incubated overnight at 4°C. After washing twice with washing buffer (PBS/0.05% Tween), the
plates were blocked with PBS/10% serum for 2 hours to reduce nonspecific binding. The
cytokine standards (Pharmingen, San Diego, CA) and samples were added, and the plates were
incubated overnight at 4°C. The plates were washed four times before the biotinylated anti
cytokine detection monoclonal antibody was added. After a 30 minute incubation at room
temperature, the plates were washed six times with washing buffer, and avidin-peroxidase in
PBS/10% serum was then added. The substrate, 2,2’-azino-bis(3-ethylbenz-thiazoline-6-sulfonic
acid) (ABTS) and H O were added, and the absorbance read at 405 nm on a Bio Tek Elisa
2

2

reader EL 312e (Bio Tek Instruments, Winooski, V T).
L929 assay for TNF.
TNF-sensitive L929 cells were plated in 96-well tissue culture plates at a concentration of 5 x
105 in lOOpl. After 24 hours incubation at 37°C, 5% C 0 2, the culture media was removed. Fifty
microliters of medium, together with 50 pi of either recombinant TNF-a or sample was added to
103
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each well. Fifty microliters of actinomycin D solution (8 jig/ml) was also added to each well to
stop the proliferation of L929 cells. The plates were incubated for 18 hours in a 37°C, 5% C 0 2,
humidified incubator. Supernatant from each well was then removed, and the cells were washed
once with 0.9% saline. Fifty microliters of 0.05% crystal violet in 20% ethanol was added to
each well. The plates were incubated at room temperature for 10 min, thoroughly rinsed with
cold tap water and then air dried for 2 hours. One hundred microliters of 100% methanol was
added to each well. The plates were read immediately with a microtiter plate reader at an
absorbance of 590 nm (Bio Tek Instruments, Winooski, VT).
Northern blot analysis.
Total cellular RNA was prepared from macrophages or IC-21 cells with RNAzol

D

(Tel-Test,

Friendswood, TX). The concentration of the RNA and its purity was determined by obtaining
the A260 and A280 reading. RNA samples were always taken from parallel-cultures within the
same experiment and processed under the same conditions. Ten micrograms of total RNA was
denatured and subjected to electrophoresis in 1% agarose-formaldehyde gel. RNA was then
transferred to Gene-screen-plus membranes (Amersham, Arlington Heights, IL) by capillary
blotting (Thomas, 1983). The blot was pre-hybridized and hybridized using the method
described by Church and Gilbert (1984). IL-6, TNF-a (Genentech, San Francisco, CA), and
glyceraldehyde-3-phosphate-dehydrogenase (GAPDH) cDNA probes were a - 32P-labeled by the
random primer method of Feinberg and Vogelstein (1984). The blot was then dried and exposed
to XAR-5 X-ray film with an intensifying screen at -70 °C and quantified using the Molecular
Dynamics SI phosphoimager (Molecular Dynamics, Sunnyvale, CA). Relative message levels of
the cytokines were corrected for loading differences by comparing the signal level obtained for
the cytokine message with the signal level obtained for GAPDH. The IL-6 cDNA was a
generous gift from K. Landreth, (Dept, of Microbiology, WVU). The GAPDH cDNA was
obtained from L. Salati, (Dept, of Biochemistry, WVU).
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Statistics.
In all cases, the data comparing the effect of various doses were initially checked for
homogeneity of variance using Bartlett's test, followed by a one-way analysis of variance; then
those groups that were significantly different from each other were determined using the
Student-Newman-Keuls multicomparisons test (p<0.05) using SigmaStat (Jandel Scientific, San
Rafael, CA) statistical software. The analysis of multi-group comparisons will be carried out by
two-way ANOVA test. The results from a representative experiment are shown, however, all
experiments were repeated with similar results. All error bars and error values are the standard
deviations.

RESULTS
Propanil inhibits IL-6 and TNF production by peritoneal macrophages in a concentrationdependent pattern.
Initially, in order to determine the non-lethal in vitro concentrations of propanil, macrophage
viability was examined by trypan blue exclusion. We found that cells exposed to O0.05 mM of
propanil for 24 hr were >90% viable. However, at concentrations of 0.1 and 0.2 mM, viability
dropped to <85% and <10%, respectively (data not shown). Therefore, to be certain that the
results reported were not due to loss of cell viability, all data reported herein are at propanil
concentrations of CF0.02 mM which resulted in >90% cell viability.
A series of experiments were performed to measure the effects of in vitro exposure to
propanil on EL-6 and TNF production by C57B1/6 peritoneal macrophages. Thioglycollateelicited peritoneal macrophages were cultured with different concentrations of propanil.
Macrophages incubated in media containing the vehicle, ethanol, served as the control. Both the
control and treated groups were stimulated with 10 p.g/ml of LPS for 24 hours. Total IL-6
production by cells cultured in the continuous presence of 0.01 and 0.02 mM propanil for 24 hr
was significantly decreased (25% and 58%, respectively, Figure 10A). The level of TNF
production was also significantly reduced by 30% and 60% at concentrations of 0.01 mM and
105

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

0.02 mM of propanil, respectively (Figure 1 IB). Thus, at concentrations substantially below
those which cause loss in cell viability, continuous exposure to propanil resulted in the reduction
o f total IL-6 and TNF production over a 24 hr time period.

Propanil affects the time course o f LPS-induced TNF and IL-6 production by macrophages.
The results in Figure 10 demonstrate a significant reduction in total IL-6 and TNF production
over a 24 hr time period. However, it was possible that cytokine production was delayed in
propanil-treated cells and that total cytokine production over the entire stimulation process could
be similar in the treated and control groups. Therefore, the time course of IL-6 and TNF
production by LPS-stimulated peritoneal macrophages was examined. The concentration of
propanil used for these studies was 0.02 mM, one-half log below the concentration that had any
adverse effect on cell viability. IL-6 production by vehicle-treated macrophages can be detected
as early as 6 hours after LPS stimulation, and reached a plateau by *18 hours of 6.8 ± 0.15 ng/ml
(Figure 11A). Significantly less IL-6 production by propanil-treated macrophages was observed
at all time points, and the average inhibitory effect at each time point ranged from 25% to 75%
of the control. The peak time of TNF production by control peritoneal macrophages was at 24
hours (720 ± 22 pg/ml), and dropped thereafter (Figure 1IB). Propanil-treated macrophages
showed similar TNF production kinetics as control cells, however, the amount of TNF produced
by the treated cells (maximum = 380 ± 30 pg/ml) was consistently below that of controls at most
o f the time points examined.

Propanil inhibits cytokine production by the IC-21 cell line.
Although the adherent peritoneal cell populations were enriched for macrophages, flow
cytometric analysis revealed that this cell population also contained approximately 3% T cells
and 7% NK cells in both the untreated and treated groups. This raised the possibility that
propanil may have affected one of the contaminating cell populations which in turn was able to

106

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

modify the macrophage response. Therefore, to be certain that the direct inhibition on
macrophage cytokine production was by propanil, the effects of propanil were examined on a
murine macrophage cell line, IC-21. IL-6 and TNF production by IC-21 cells, cultured in the
continuous presence of 0,0.005,0.01, or 0.02 mM propanil, was determined 24 hours after LPS
stimulation (Figure 12). IC-21 cells treated with 0.01 or 0.02 mM propanil showed a significant
reduction in IL-6 production; approximately 65% and 43% of control, respectively (Figure 12A).
A significant reduction in TNF production was measured at propanil doses of 0.01 and 0.02 mM
(66% and 44% of control, respectively, Figure 12B).
The kinetics of IL-6 (Figure 13A) and TNF (Figure 13B) production in IC-21 cells exposed
to 0.02 mM propanil was also measured. The pattern of reduced cytokine production by
propanil-treated IC-21 cells was very similar to that of the PEC. These data suggest that the
primary targets of propanil are macrophages.

In vitro propanil treatment affects IL-6 and TNF- a mRNA levels in macrophages.
As a first step toward uncovering the mechanism of propanil’s effect on cytokine production,
we examined whether propanil affected the cytokine message levels by Northern blot analysis.
Thioglycollate-elicited adherent macrophages were cultured with either 0,0.01, or 0.02 mM
propanil and 10 fig/ml LPS for the indicated period of time. Total RNA was then extracted from
macrophages and 10 |Xg of total RNA was loaded for each sample in the Northern blot analysis.
The effect of exposure to 0.02 mM propanil on IL-6 message production over a 16 hr time period
is shown in Figure 14A (Northern blot autoradiograph) and 14B (relative message levels
corrected for loading by GAPDH density). These data demonstrate that the message level in
propanil-treated cells was reduced (at peak) to approximately 50% of controls. This level of
reduction is similar to the level of protein reduction previously shown (Figure 10A). Additional
experiments using either 0.01 or 0.02 mM propanil demonstrated that the inhibitory effect on
cytokine mRNA level was concentration-dependent (data not shown).
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Similar measurements were performed for the level of TNF-a message. Figure 15A shows
the Northern blot autoradiograph and Figure 15B shows the relative levels of message corrected
for loading via the GAPDH message levels. TNF-a message was first detected as early as 1
hour after LPS stimulation, and peaked at approximately 2 hours (Figure 15A and 15B). The
inhibitory effect of propanil on TNF-a mRNA level was also concentration-dependent (data not
shown). The reduction in TNF-a message levels (46% of the control at the peak time) was
consistent with the level of protein reduction (=40% of controls, Figure 10B).

DISCUSSION
We have shown a concentration-dependent reduction in IL-6 and TNF protein production by
LPS-stimulated peritoneal macrophages after in vitro exposure to the herbicide, propanil. This
inhibitory effect could also be measured using a murine macrophage cell line, IC-21. Northern
blot analysis showed that propanil decreased the levels of IL-6 and TNF-a message in
macrophages and these reductions were sufficient to account for the levels of reduced protein.
Propanil has been demonstrated previously to decrease both humoral and cell-mediated
immunity in animals (Barnett and Gandy, 1989; Barnett etal., 1992). Since cytokine secretion
plays an important role in the control and fine tuning of the immune response, the effects of
propanil on cytokine production may provide an explanation for the reduced immune response in
animals. For example, macrophages are the main source of IL-6. IL-6 induces the proliferation
of immature and mature T cells, as well as the expression of the IL-2 receptor on these cells
(Garman etal., 1987; Stein and Singer, 1992). In addition, IL-6 acts on B lymphocytes as a
differentiation factor, inducing Ig secretion, and as both a positive and negative regulator of
growth acting through EL-6 receptors on B cells (Dutton et al., 1971; Schimpl and Wecker, 1972;
Hilbert etal., 1989). Both our in vivo (Xie et al., 1996) and in vitro (this report) studies have
demonstrated that propanil decreased IL-6 production by macrophages. This decrease in EL-6
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may reduce the level of T cell activation, as well as the differentiation of B cells which would
result in reduced antibody responses as reported by Barnett and Gandy (1989). Likewise, TNF-a
is one of the major secreted mediators involved in the delayed type hypersensitivity response.
The inhibitory effect of propanil on TNF-a production by macrophages (Xie etal., 1996; this
report) may be contributing to the previously reported reduced contact hypersensitivity reactions
in propanil-treated animals (Barnett and Gandy, 1989). Thus, the immunomodulatory effects of
propanil on macrophage cytokine production may be at least partly responsible for the overall
immunotoxic effects of this herbicide.
In considering the cellular target(s) of propanil, it was demonstrated that a cytokine network
exists for both the induction and control of these cytokines (Akira etal., 1990). In addition to
being autostimulatory, TNF-a also induces the production of EL-113 which in turn stimulates IL-6
production. IL-6, however, suppresses endotoxin-induced TNF-a production, thus providing
feedback control of cytokine production. In our study, both IL-6 and TNF-a levels are found to
be decreased after propanil treatment. These results raised the possibility that the reduction in
IL-6 may simply reflect the decrease in TNF-a stimulation necessary to induce EL-6 production.
However, preliminary experiments in which recombinant TNF-a was added to the in vitro
system during propanil exposure did not cause the IL-6 production to return to control levels
(data not shown). Thus, it appears that propanil is directly affecting the production of both
cytokines and that the reduced level of IL-6 was not simply due to the reduced TNF-a
production caused by propanil exposure.
The intracellular target(s) of propanil can not be determined from the present experiments,
however, it is possible to speculate on possible target(s). In our investigation, the Northern blot
analysis for IL-6 and TNF-a showed that peak mRNA levels were seen at 4 hours and 2 hours
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post-LPS-stimuIation, respectively. The kinetics of IL-6 and TNF-a secretion and mRNA
accumulation seen in our experiments coincide with those reported by other investigators for
murine peritoneal macrophages (Strassmann etal., 1994; Tesh etal., 1994; Woolley etal.,
1995). In vitro exposure to propanil reduced IL-6 and TNF-a protein production during the 6 to
72 hour-culture period but did not change the kinetics of their secretion. IL-6 and TNF-a
message levels were reduced approximately the same amount as the protein levels. Coincident
reductions in protein and message levels point to a pre-translational target for propanil, perhaps
due to reduced signaling, transcription, or mRNA stability. For example, one of the signaling
pathways initiated by LPS in macrophages is the breakdown of polyphosphoinositides, such as
phosphatidyl-inositol-4,5-bisphosphate, followed by the formation of inositol-1,4,5-phosphate
(IP3) and diacylglycerol. IP3 induces the influx of intracellular calcium which then activates
protein kinase C and other calcium-dependent kinases (Sweet and Hume, 1996). Therefore,
reductions in these second messengers would result in decreased cytokine gene transcription and
ultimately less protein secreted. Indeed, many agents, including some pesticides, reduce cell
function by affecting this signaling pathway. For instance, hexachlorocyclohexane (HCCH), one
of the important members of organochlorine insecticides, affects the orientation and chemotaxis
of polymorphonuclear leukocytes by markedly altering the mobilization of intracellular calcium
(Kaplan etal., 1988).
In summary, our results demonstrate that in vitro exposure to propanil inhibits IL-6 and TNFa protein secretion and mRNA expression by LPS-activated macrophages. The reduction in
cytokine production may be directly responsible for the immunotoxic effects of propanil in
animals which have been previously reported. Further investigations on the effects of propanil
on cytokine gene regulation and LPS-mediated signal transduction should give us a more
complete understanding of the molecular mechanisms involved in the propanil induced
immunotoxic effect on macrophages.
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Figure 10. Production of IL-6 and TNF protein by C57B1/6 macrophages after in vitro
exposure to varying concentrations of propanil. Thioglycollate-elicited macrophages were
cultured with the indicated concentrations of propanil or vehicle (ethanol) and 10 fig/ml of
LPS for 24 hours, as described in the Materials and Methods. Culture supernatants were
collected and IL-6 measured by specific ELISA (panel A) and TNF measured by L929 assay
(panel B). * p < 0.05.
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Figure 11. The time course of IL-6 and TNF secretion by C57B1/6 peritoneal macrophages after
in vitro treatment with propanil. Thioglycollate-elicited macrophages were cultured with 0.02
mM propanil or vehicle (ethanol) and 10 jig/ml of LPS, as described in the Materials and
Methods. At the indicated time, culture supernatants were collected, and IL-6 (panel A)
measured by specific ELISA, and TNF (panel B) measured by the L929 assay.
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Figure 12. Production of EL-6 and TNF protein by IC-21 cells after in vitro exposure to propanil.
IC-21 cells were cultured with either 0 (ethanol control), 0.005, 0.01, or 0.02 mM of propanil for
24 hours. All of the groups received 10 jig/ml LPS. The supernatants were collected and IL-6
measured by specific ELISA (panel A), and TNF measured by the L929 assay (panel B).
* p < 0.05.
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Figure 13. The time course of EL-6 and TNF secretion by IC-21 cells after in vitro treatment with
propanil. IC-21 cells were cultured with 10 (ig/ml LPS, and either 0.02 mM propanil or 0.33%
Ethanol (control) for the indicated time. The supernatants were collected and IL-6 (panel A)
measured by specific ELISA, and TNF (panel B) measured by the L929 assay.
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Figure 14. Northern blot analysis of IL-6 message expression in LPS-stimulated C57B1/6
peritoneal macrophages. Peritoneal macrophage cultures were stimulated with 10 fig/ml LPS for
either 2 ,4,8, or 16 hours as indicated and concomitantly exposed to 0.02 mM propanil (lane 2,
4,6, 8) or 0.03% Ethanol (controls) (lane 1,3,5, 7). Total RNA was isolated from the cells and
analyzed by Northern blotting (panel A) with a mouse IL-6 cDNA probe, as described in the
Materials and Methods. Relative level of the cytokine message was determined as a ratio
between the density of the cytokine band and that of the GAPDH band (panel B).
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Figure 15. Northern blot analysis of TNF-a message expression in LPS-stimulated C57B1/6
peritoneal macrophages. Peritoneal macrophage cultures were stimulated with 10 |ig/ml LPS for
either 1, 2, or 4 hours as indicated and concomitantly exposed to 0.02 mM propanil (lane 2,4, 6)
or 0.03% Ethanol (controls) (lane 1, 3,5). Total RNA was isolated from the cells and analyzed
by Northern blotting (panel A) with a mouse TNF-a cDNA probe, as described in the Materials
and Methods. Relative level of the cytokine message was determined as a ratio between the
density of the cytokine band and that of the GAPDH band (panel B).
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ADDENDUM TO STUDY 2
In order to determine a non-lethal in vitro concentration for each agent, a cell viability
assay was performed (Figure 16). Cells exposed to either 0.025 mM or 0.05 mM propanil were
> 90% viable. However, at a concentration of 0.1 mM, viability dropped to < 85%, and at a
concentration of 0.2 mM, all cell types showed < 10% viability (Figure 16A). In contrast, in
vitro exposure to DCA resulted in > 95% viability at concentrations ranging from 0.025 mM to
0.2 mM (Figure 16B).
The concentrations of propanil and DCA used in all of our in vitro studies displayed >
90% viability in cells.
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Figure 16

STUDY 3

The Inhibitory Effect of a Herbicide, Propanil, on Cytokine
Production by Macrophages is Associated with LPS-Mediated Signal
Transduction.

Yilin Cindy Xie
Department of Microbiology and Immunology, School of Medicine, Robert C. Byrd Health
Sciences Center of West Virginia University, Morgantown.
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ABSTRACT
Our previous studies demonstrated that in vitro propanil exposure inhibited interleukin-6
(IL-6) and tumor necrosis factor (TNF) production by adherent thioglycollate-elicited peritoneal
cells (macrophages) after lipopolysaccharide (LPS) stimulation. In this study, we report that IL-6
and TNF-a message is reduced by propanil in a concentration-dependent pattern, yet the stability
of cytokine mRNA is not affected. In addition, exposure of macrophages to propanil after a
relatively short period of LPS stimulation significantly reduced the production of IL-6 and TNF.
Determination of the intracellular Ca2+levels demonstrates that LPS-induced Ca2+release is
abrogated in propanil-treated macrophages. However, the binding of LPS to macrophages is not
affected. Measurement of inositol 1,4,5-triphosphate (IP3) demonstrates that propanil significantly
increases the level and the duration of IP3 in macrophages. These results suggest that the inhibitory
effect of propanil on macrophage cytokine production is associated with the early stages of LPSmediated signal transduction in macrophages.

INTRODUCTION
3,4-dichloropropionanilide (Propanil) is an amide-class herbicide used successfully for (he
posfemergence control of barnyard grass in (he cultivation of rice plants (Mateunaka, S. 1968).
Approximately 70% to 80% of the total U.S. rice crop is treated with propanil, accounting for more
than 95% of the 9.5 to 11.5 million pounds of acti\e ingredient used annually (United States
Environmental Protection Agency. 1987). Propanil is hydrolyzed by rice and mammals to 3,4dichloroaniline (DCA) and propionic acid. This reaction is catalyzed by the enzyme, acylamidase
(Singleton and Murphy, 1973; Chow and Murphy, 1975). It has been shown by Singleton and
Murphy (1973) that propanil, at doses of 200 - 800 mg/kg, is capable of inducing central nervous
system depression, loss of righting reflex and cyanosis in animals. It has also been reported that
sublethal doses of propanil or DCA injected intraperitoneally (i. p.) in male mice induced
methemoglobinemia in a dose-dependent manner (Singleton and Murphy, 1973). McMillan et al.
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(1990a; 1990b; 1990c) showed, in in vitro studies, that two oxidized metabolites of DCA, 6-hydroxyDCAand N-hydroxy-DCA, were responsible for the propanil-induced methemoglobinemia in
animals.
The acute immunotoxic effects of propanil in mice have been studied by Barnett et aL (1989;
1992). These studies show that both propanil and DCA induce splenomegaly and thymic atrophy in
mice when given to animals i. p. or orally (Barnett, et al. 1992; Barnett and Gandy, 1989;
unpublished results]. Propanil also has a differential effect on different functional immune assays (Tdependent antibody response, T-independent antibody response, contact hypersensitivity reaction,
and mixed lymphocyte reaction) as well as on different immune cell types (T helper cell, NK cell,
macrophage) (Barnett, et al. 1992; Barnett and Gandy, 1989). Recent work in our laboratory
demonstrated that propanil treatment significantly reduce the production of EL-2, EL-6, LFN-y, and
GM-CSF by spleen cells, and decrease the CD4+CD8+ thymocyte population in the thymus, indicating
its potential effect onT cell development (Zhao, et al. 1995; Cuff, et al. 1996).
Theus et aL (1993) report that propanil affect macrophage cytotoxic activity, possibly through
its effect on macrophage cytokine production We have also investigated the effect of both in vivo and
in vitro propanil exposure on macrophage cytokine production (unpublished results). Our studies
demonstrate that in vivo exposure to propanil causes a reduction in IL-6 and TNF-a production by
thioglycollate-elicited peritoneal macrophages when given to mice i. p. or orally. The results from
these studies suggested that in vivo exposure to the parental compound and the oxidized metabolites of
DCA may be responsible for the immunotoxic effects of propanil on macrophage cytokine production
(unpublished results). We also found, in our previous studies using peritoneal macrophages as well
as a macrophage cell line, that in vkro exposure to propanil inhibits the production of EL-6 and TNFa at the protein level as well as at the message level (unpublished results). However, the mechanisms
involved in the immunosuppressive effect of propanil on macrophage cytokine production have not
been determined.
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The macrophage is the major differentiated cell of the mononuclear phagocyte system and has
many important and diverse functions. Macrophages represent a major defense mechanism against
invasion of the host by a wide variety of microorgaiisms, including bacteria, viruses, fungi, and
protozoa. They also play an important role in the induction and regulation of the immune response by
presenting antigens to T lymphocytes and through the secretion of cytokines. IL-6 and TNF-a are
two representative cytokines produced by macrophages to mediate an acute inflammatory response
and lymphocyte activation. The bacterial product, LPS, is capable of activating macrophages to
produce cytokines.
The LPS-induced signal transduction pathway has not been completely defined. However,
one of the signaling pathways initiated by LPS in macrophages involves the breakdown of
polyphosphoinositides, and the subsequent generation of intracellular calcium ([Ca2+];) (Auger and
Ross, 1991). In the present study, Northern blot analysis demonstrates that the mRNA levels of
IL-6 and TNF-a are decreased in propanil-treated, LPS-stimulated, macrophages in a
concentration-dependent manner. The message stability of cytokines was not affected by propanil.
In addition, a short pre-stimulation with LPS followed by propanil treatment significantly reduced
the production of IL-6 and TNF-a by macrophages. The measurement of [Ca2+]; levels showed
that LPS-induced Ca2+release in macrophages was abrogated after propanil treatment. However,
the binding of LPS to macrophage membranes was not affected by propanil. IP3measurement
demonstrated that propanil significantly increased the level and the duration of IP3 in IC-21 cells.
Taken together, these data demonstrate that the propanil-induced inhibitory effect on cytokine
production may be associated with the early stages of LPS-mediated signal transduction in
macrophages.

132

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

MATERIALS AND METHODS
Animals
C57B1/6 mice weighing 18 to 20g were purchased from Charles River Farms (Wilmington,
DE). All animals were allowed to acclimate to our vivarium facilities at least 7 days before their
inclusion in an experiment and were provided food and water ad libitum. All animals were assayed
between 7 and 12 weeks of age.
Macrophage harvest and cell preparation
Mice were injected i.p. 3 days before macrophage harvest with 1.5 ml of aged 3% sterile
thioglycollate broth. The peritonea of all of the animals were surgically exposed using a midline
incision. Total cells were harvested by injecting 10 ml of phosphate-buffered saline (PBS) (Gibco,
Grand Island, NY) containing 10 U/ml heparin (Sigma, St. Louis, MO) into the peritoneal cavity
followed by syringe aspiration. Cell suspensions were washed twice by centrifugation (4°C,
500g) and assayed for viability using trypan blue exclusion. Macrophage numbers were
appropriately adjusted for each experiment. Cells were plated in RPMI1640 (BioWittaker,
Walkersville, MD) containing 10% fetal bovine serum (FBS, Hyclone, Logan, UT), 100 units
penicillin/100 mg streptomycin, and 2 mM L-glutamine and incubated for 2 hr at 37°C, 5% C 0 2, in
a humidified chamber. Monolayers were vigorously washed with three bursts of warm PBS and
the non-adherent cells removed by vacuum aspiration. All macrophage monolayers were monitored
by inverted microscopy throughout these experiments.
In vitro exposure o f macrophages to propanil
Thioglycollate-elicited mouse peritoneal macrophages were plated at the concentration that
was required for each experiment. The propanil stock solution, dissolved in 99% ethanol (EtOH),
was added to the cultures. The control groups were cultured in media containing the same
concentration of EtOH (0.33%) as the treated groups.

Both control groups and xenobiotic treated

groups were stimulated with 10 |ig/ml LPS and the cells incubated at 37°C, 5% C 02 for the
indicated time. The supernatants at each time point were collected and frozen at -70°C for cytokine
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determination by specific ELISA and L929 bioassay. Non-stimulated cultures did not produce
detectable levels of cytokines. The total RNA was extracted from the cells. Trypan blue exclusion
was performed on representative wells of cells after the supernatants were collected at each time
point to assess viability. In all cases, viability was > 90% (data not shown).
Differential treatment o f peritoneal macrophages with propanil
Peritoneal macrophages were obtained from C57B1/6 mice. They were pre-stimulated with
10 |Xg/ml LPS for 0, 0.5, 2, 4 or 6 hours prior to the addition of propanil (0.02 mM).
Supernatants from these cultures were collected after a total of 24 hours of culture, i.e., 24, 23.5,
22,20 and 18 hours after the addition of propanil, respectively.
Specific ELISA.
Macrophage cell supernatants were assayed for their cytokine content by ELISA
(Pharmingen, San Diego, CA). Briefly, purified anti-cytokine capture monoclonal antibody in
coating buffer (0.1 M NaHC03, pH 8.2) was added to wells of an enhanced protein binding
ELISA plate and incubated overnight at 4°C. After washing twice with “washing buffer”
(PBS/Tween 0.05%), the plate was blocked with PBS/10% FBS for 2 hours to reduce nonspecific
binding. The standards and samples were added, and the plate was incubated overnight at 4°C.
The plate was washed four times and the biotinylated anti-cytokine detection monoclonal antibody
added. The plate was incubated at room temperature for 45 minutes, washed six times, and avidinperoxidase in PBS/10% serum added to the plate. Following a 30 minutes incubation at room
temperature, 2,2’-azino-bis(3-ethylbenz-thiazoline-6-sulfonic acid) (ABTS) substrate with H20 2
was added, and the plate read at OD 405 nm on a Bio Tek Elisa reader EL 312e (Bio Tek
Instruments, Winooski, VT).
L929 assay fo r TNF
A bioassay for TNF activity was performed as previously described (Hogan and Vogel,
1988). TNF-sensitive L929 cells were plated in 96-well tissue culture plates at a concentration of 5
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x 104cells/well in 100 pi. After 24 hours incubation at 37°C, 5% C 02, the cell culture media was
removed from the cells. Fifty microliters of medium, together with 50pl of either recombinant
TNF-a or sample was then added to each well. Fifty microliters of actinomycin D solution
(8|il/ml) was added to the cultures to stop the proliferation of L929 cells. The plate was incubated
for 18 hours. The supernatant in each well was removed, and the cells washed once with 0.9%
saline. Fifty microliters of 0.05% crystal violet in 20% ethanol was added to each well. The plate
was incubated at room temperature for 10 min, and then rinsed with gentle cold tap water
thoroughly. The plate was air dried for 2 hours. One hundred microliters of 100% methanol was
added to each well. The plate was read immediately with a microtiter plate reader at an absorbance
.of 590 nm (Bio Tek Instruments, Winooski, VT).
Northern blot analysis
Total cellular RNA was prepared from propanil-treated macrophages with RNAzol8 (Tel-Test,
Friendswood, TX). The concentration of the RNA and its purity was determined by obtaining the
A260 and A280 reading. RNA samples were always taken from parallel-cultures within the same
experiment and processed under the same conditions. Ten micrograms of total RNA were
denatured and subjected to electrophoresis in 1% agarose-formaldehyde gel. RNA was then
transferred to gene-screen-plus membranes (Amersham, Arlington Heights, IL) by capillary
blotting (Thomas, P. S. 1983). The blot was pre-hybridized and hybridized using the method
described by Church and Gilbert (Church and Gilbert, 1984). IL-6, TNF-a (Genentech, San
Francisco, CA), and glyceraldehyde-3-phosphate-dehydrogenase (GAPDH) cDNA probes were
a-32P-labeled by the random primer method of Feinberg and Vogelstein (Feinberg and Vogelstein,
1984). The blot was dried and exposed to XAR-5 X-ray film with an intensifying screen at -70°C
and quantified using the Molecular Dynamics SI phosphoimager (Molecular Dynamics, Sunnyvale,
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CA). Relative message levels of the cytokines were corrected for loading differences by
comparing the signal level obtained for the cytokine message with the signal level obtained for
GAPDH. The IL-6 cDNA was a generous gift from K. Landreth, (Dept, of Microbiology, WVU).
The GAPDH cDNA was obtained from L. Salati, (Dept, of Biochemistry, WVU).
Assays o f mRNA half-life
The half life of cytokine message was determined by using actinomycin D (Humphries, et
al. 1984). Macrophages were cultured with 0.02 mM propanil and LPS for the indicated time.
The cells were then washed twice with PBS. Actinomycin D (5 p.g/ml) was added to the cultures
and total RNA was prepared and analyzed by Northern blot analysis as described above.
Fura-2 determination o f intracellular calcium
Macrophages were plated at a density of 2 x 105 per 22 mm diameter glass covers lip. After 2
hours of adherenoe, cells were loaded with Fura-2 AM ( Molecular Probes Inc, Eugene, OR),
0.0625% PluronicF-127 nonionic detergent in 15 mMHEPES, pH 7.2-7.3. Coverslips were then
rinsed in Hank's balanced salt solution (HBSS) and placed in the experimental chamber withHBSS at
room temperature (22-26°C) (Haslberger, et al. 1992). Addition of LPS (10 |J.g/mI) was made to the
chamber during the fluorescence recording. A Spex Industries (Edison, NJ) model 1681 0.22 m
spectrofluorometer was used to measure changes in intracellular Ca2+. The spectrofluorometer is
controlled by an IBM 286-compatible computer running dM3000 Cation Measurement software.
Briefly, for Fura-2 measurement in our system, the two excitation wavelengths are 340 and 380 nm.
The excitation light travels through a fiberoptic cable to reach a fluorescence microscope (Nikon
Instruments, Garden City, NY) which holds the cells. This fluorescence passes through a 510 nm
cutoff filter to a photomultiplier, which converts the light to an electrical signal to be processed by the
computer. An increase in the fluorescence from 340 nm excitation combined with a decrease in
fluorescence from 380 nm excitation indicates an increase in intracellular Ca2*. The excitation ratio
(340 nm / 380 nm) is proportional to the concentration of intracellular Ca2+.
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L P S-F ITC binding assay
Adherent elicited macrophages were prepared as described previously and harvested for
staining. One million cells were stained with either FITC-conjugaled LPS (Sigma, St. Louis, MO) in
FACS medium (PBS containing 10% FBS and 0.02% NaN3), or FITC-conjugated LPS (80 fig/ml)
and 0.02 mM propanil at room temperature for 3 hours. Each sample was washed once with PBS
and analyzed using a Becton-Dickinson FACScan flow cytometer, and data were processed using PCLYS YS software. Live macrophages were analyzed based on forward versus 90° scatter set to
exclude dead cells.
IP 3 measurement
Forthe determination of IP3 levels, the macrophage cell line, IC-21, was used. IC-21 cells
were trypsinized and resuspended in 1 x PBS. Three million cells were put into separate
polypropylene tubes. The cells were then treated with 10 (ig/ml of LPS in the presence or absence of
0.02 mM propanil for either 0,0.5, 5, or 15 minutes at room temperature. Lysates were prepared and
20% cold perchloric acid was added. The cells were then kept on ice for 20 minutes followed by
sedimentation of proteins by centrifugation at 200C&, 4°C for 15 minutes prior to neutralization with
cold 1.5 MKOH containing 60 mMHEPES. Forthe IP3 measurement, a [3H]-D-myoinositol 1,4,5triphosphate RIAkit (Amersham, Arlington Heights, EL) was used. The sensitivity range was from
0.19 to 25 pmoles/100 |il.
S ta tistics
In all cases, the data comparing the effect of various doses of propanil were initially
checked for homogeneity of variance using Bartlett's test, followed by a one-way analysis of
variance; those groups that were significantly different from each other were determined using the
Student-Newman-Keuls multicomparisons test (p<0.05) using SigmaStat (Jandel Scientific, San
Rafael, CA) statistical software. The results from a representative experiment are shown,
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however, all experiments were repeated with similar results. All error bars and error values are the
standard deviations.

RESULTS
In vitro exposure to propanil reduced IL-6 end TNF-a mRNA levels in ntacropheges in a
concentration-dependent manner.
To study the inhibitory effects of propanil on macrophage cytokine production at the message
level, we first performed Northern bbt analysis for IL-6 and TNF-a, two proinflammatory cytokines
produced by activated macrophages. C57B1/6 peritoneal macrophages were stimulated ex vivo with
10 fig/mlLPS, and exposed toO, 0.01, or 0.02 mM propanil simultaneously. Total RNA was
extracted from macrophages for Northern blot analysis. Four and 2 hours were chosen in cytokine
Northern bbt analysis, because they are the peak time of EL-6 and TNF-a gene transcription,
respectively, in LPS-acdvated peritoneal macrophages. The exposure to propanil in vitro reduced IL6 and TNF-a message in LPS-activated peritoneal macrophages (Figure 17A). The relative message
levels corrected for loading by GAPDH density is shown in Figure 17B. Treatment with propanil at a
low concentration (0.01 mM) decreased EL-6 aid TNF-a mRNA levels by approximately 60% and
25%, respectively. Propanil at a concentration of 0.02 mM further reduced the levels of IL-6 and
TNF-a mRNA by 80% and 50%, respectively. Therefore, at the message level, propanil inhibited
IL-6 and TNF-a production by macrophages in a concentration-dependent manner.

In vitro exposure to propanil did not effect the stability o f IL-6 and TNF-a mRNA.
The stability of mRNA was examined using actinomycin D. The macrophages were
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stinulated with LPS for4 hours before actinomycin D was added to the cultures. Zero, 1, 2, or 4
hours after the addition of actinomydn D, total RNA was extracted from the cells, and Northern blot
analysis was performed for EL-6 (Figure 18A). The relative levd of IL-6 mRNA as compared to the
internal control, GAPDH, is shown in Figure 18B. IL-6 mRNA data were normalized to the zero
hour time point and shown in Figure 18C. The half life of IL-6 mRNA is approximately 1 hour for
both LPS-stimulated control and propanil-treated macrophages (Figure 18C). Asimilar pattern was
determined for the effect of propanil on TNF-a mRNA stability (Figure 19). The half life of TNF-a
is approximately 20 minutes for both control and propanil-treated macrophages (Figure 19C). These
datasuggest that in vitro exposure to propanil does not affect IL-6 and TNF-a mRNA stability in
macrophages.

The inhibitory effect of propanil on IL-6 and TNF-a production by LPS-activated peritoneal
macrophages occurs prior to traiscription.
To elucidate the mechanism of propanil-induoed inhibition of cytokine production, peritoneal
macrophages were either treated with LPS and propanil simultaneously, or prestimulated with LPS
prior to the addition of propanil. The supernatants were collected from the cultures after 24 hours of
stimilation with LPS, and the production of IL-6 measured by specific ELISA TNF levels were
measured by L929 bioassay.
The addition of propanil to the cultures simultaneously with LPS, or 0.5, 2, or 4 hours
following LPS stimulation significantly inhibited IL-6 production (Figure 20A). However, when the
addition of propanil was delayed for 6 hours, it did not affect IL-6 production (Figure 20A). The
inhibition of TNF followed a similar pattern, except that propanil had no effect on LPS-induced TNF
production when added to the cultures 4 or 6 hours after LPS stimulation (Figure 20B). Based on the
previously reported timing of IL-6 and TNF gene transcription, Le. 4 and 2 hours, respectively
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(Akira, et al. 1990; Strassmann, et al. 1994; Tesh, et al. 1994), these results suggest that the
inhibitory effect of propanil on cytokine production is at the pre-transcriptional level.

Propanil abrogated the LPS-induced intracellular Cd+. influx, but did not effect LPS binding to die
macrophages.
To study the effect of propanil on the pre-transcriptional events of cytokine production, the
intracellular calcium concentration in mouse peritoneal macrophages was measured using Fura-2 as a
fluorescent calcium probe and LPS as a stimulant. LPS induced an intracellular Ca2+ release in
macrophages within 2 minutes of stimulation (Figure 21). In vitro propanil (0.02 mM) exposure
completely abrogated the LPS -induced intracellular Ca2+ s ignal in macrophages (Figure 21). The
binding of LPS to the macrophages was examined using LPS-FITC. Propanil did not affect the
binding of LPS to macrophages (Figure 22). The mean fluorescent intensity of the media, LPStreied, and LPS/fcropanil-treated groups was 2.71 ±0.27, 48.53 ± 1.45, and46.75± 1.91,
respectively. There was no statistically significant difference between the LPS-treated and
LPS/jjropanil-treated groups. The release of intracellular Ca2+ and the binding of LPS were also
performed using propanil-treated IC-21 cells. Similar results were obtained (data not shown).

In vitro propanil treatment increased the level oflPi in IC-21 cells.
IC-21 cells were incubated in PBS containing 10 (ig/ml of LPS with or without the addition of
propanil (0.02 mM). After either 0,0.5, 5, or 15 minutes of incubation, the level of IP3 was
determined. When IC-21 cells were incubated with media alone and IP3 levels measured, no
detectable accumulation was present. However, following LPS binding, IP3 levels peaked within 5
minutes and dropped after 15 minutes of LPS stimulation in normal IC-21 cells (Figure 23).
Although the peak time of IP3 was the same in propanil-treated IC-21 cells, the level of IP3 was
increased as compared to that in the control cells. Furthermore, unlike in the control cells, the level of
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IP in propanil-treated macrophages did not drop even after 15 minutes of incubation with LPS
3

(Figure 23). Similar results were obtained using thioglycollate-elicited peritoneal macrophages (data
not shown).

DISCUSSION
In the present study, we have demonstrated that in vitro exposure to propanil inhibited IL

- 6

and TNF-a production by macrophages at the message level in a concentration-dependent manner.
However, the message stabilities for IL

- 6

and TNF-a were not affected by propanil treatment.

Stimulation of macrophages with LPS prior to propanil exposure demonstrated that propanil reduced
cytokine production only when given prior to or at the peak time of cytokine transcription. In
addition, the determination of intraoellularCa2+ levels showed adramatic defect in intracellular Ca2+
release by propanil-treated macrophages. Further studies on the LPS-induced signal transduction
pathway demonstrated that the binding of LPS to the macrophages was not affected, however, IP

3

levels were higher in propanil-treated macrophages as compared to that in the control cells. These
results suggest that the propanil-induced inhibition of cytokine production is associated with LPSmediated signal transduction in macrophages.
The studies of propanil immunotoxicity on macrophages have been focused on its effect on
cytokine production. We have found, in our in vitro studies using thioglycollate-elicited peritoneal
macrophages and a murine macrophage cell line, that propanil reduced the production of IL and
- 6

TNF-a at the protein level as well as at the message level (unpublished results). It has also been
demonstrated that i. p. or oral administration of propanil significantly inhibited cytokine production by
thioglycollate-elicited peritoneal macrophages. The parental compound, propanil, has been shown to
be more toxic than the primary metabolite, DCA, in terms of inhibiting cytokine production. In fact,
our previous in vitro studies showed that it took 10 times the level of DCA to have a similar effect as
propanil on cytokine production (unpublished results). However, the mechanisms involved in the
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immunosuppressive effect of propanil on macrophage cytokine production had not been previously
determined.
Macrophage activation is a complex process regulated by a large number of extracellular
activating factors and the intracellular signals induced by them. A prototypic macrophageactivating factor is the bacterial product LPS. A major function of LPS-activated macrophages is
the production of cytokines (Auger and Ross, 1991). Although the LPS-induced signal
transduction pathway in macrophages has not been completely defined, one pathway initiated by
LPS in macrophages is the breakdown of polyphosphoinositides (Auger and Ross, 1991).
Stimulation of macrophages with LPS leads to the hydrolysis of the membrane-associated
phosphatidyl-inositol-4,5-bisphosphate (PEP2), and the formation of multiple breakdown products
of this compound including inositol-1,4,5-phosphate (IP ) and diacylglycerol (DAG). IP has
3

3

been linked to increased levels of intracellular Ca2+from extracellular and intracellular stores
(Berridge and Irvine, 1984; Streb, et al. 1983). Increased levels of DAG and Ca2+stimulate
protein kinase C (PKQ which is translocated from the cytosol to the cytoplasmic membrane
(Celada and Schreiber, 1986), and enhances phosphorylation of a characteristic substrate set of
proteins including some transcription factors for cytokine gene transcription, such as NF-kB
(Auger and Ross, 1991; Weiel, et al. 1986). We have found that the intracellular Ca2+signal was
completely eliminated by propanil, which may be one of the explanations for the decreased
cytokine production. However, inositol phospholipid hydrolysis does not appear to be obligatory
for some cellular responses to LPS (Weinstein, et al. 1990; Stefanova, et al. 1993; English, et al.
1993), and there are some PKC subtypes which are Ca2+-independent (Ono, et al. 1988;
Liebersperger, et al. 1991; Huang, et al. 1986). The Ca2+independent pathway may explain the
partial production of cytokines by propanil-treated macrophages.
EP has been shown to be the direct inducer of intracellular Ca2+ release (Berridge and
3

Irvine, 1984; Streb, et al. 1983). Although IP levels in propanil-treated macrophages were
3

increased, they did not generate the intracellular Ca2+signal. Analysis of the structural
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configuration of the IP molecule versus the propanil molecule was done using the Alchemy™
3

software program. This analysis showed that the structure for both molecules resembled each
other sufficiently to produce a root-mean-square (RMS) of 0.221. For comparison, the RMS
value for atropine and acetylcholine, two molecules known to bind to the same receptor, is 0.249
(a lower number indicates closer homology) (P. Gannett, School of Pharmacy, WVU, personal
communication, Richelson and Nelson, 1984). In addition, a metabolic enzyme of IP , IP 3
3

3

kinase, has been shown to exhibit similar stereoselectivity and positional selectivity as the IP

3

receptor, in terms of IP binding (Nahorski and Potter, 1992). Therefore, a hypothetical model of
3

propanil action is proposed. That is, propanil blocks the binding of EP3 to its receptor, abrogating
IPj-mediated Ca2+release. It also alters the normal breakdown of IP through the inhibition of IP
3

3

3 kinase and thus, further action of these products. Hence, propanil treatment results in reduced
cytokine production by LPS-activated macrophages.
In summary, our results demonstrated that propanil inhibited cytokine production at the
pre-transcriptional level. LPS-induced intracellular Ca2+release was abrogated by in vitro propanil
exposure. However, IP levels in propanil-treated macrophages were increased. Further studies
3

on the actual binding of propanil to the IP receptor will lead to a more complete understanding of
3

the mechanism of propanil’s action on macrophages.
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Figure 17. In vitro exposure to propanil reduced cytokine mRNA levels in macrophages in a
concentration-dependent manner. Thioglycollate-elicited peritoneal macrophage cultures were
either unstimulated (lane 1) or concomitantly stimulated with 10 (ig/ml LPS, for either 2 (for TNFa) or 4 hours (for IL- ), and exposed to 0 (lane 2), 0.01 (lane 3) or 0.02 mM (lane 4) propanil.
6

Total RNA was isolated from the macrophages and analyzed by Northern blot using mouse IL- ,
6

TNF-a, or GAPDH cDNA probes (panel A). Relative levels of the cytokine message was
determined as a ratio between the density of the cytokine band and that of the GAPDH band using
the Molecular Dynamics phosphoimager (panel B).
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Figure 18. In vitro propanil exposure did not affect IL-6 message stability. Thioglycollate-elicited
peritoneal macrophage cultures were stimulated with 10 fig/ml LPS and treated with either medium
containing vehicle (control) or 0.02

mM propanil for 4 hours. A ctinom ycin D (5 (Jtg/ml) w as then

added to the cultures to stop new transcription. Zero (lane I and 5), 1 hour (lane 2 and 6), 2 hours
(lane 3 and 7), or 4 hours (lane 4 and 8) after the addition of actinomycin D, total RNA was
extracted from the macrophages. Northern blot analysis was performed for IL-6 and GAPDH
(panel A). Relative levels of the IL-6 message were determined as a ratio between the density of the
IL-6 band and that of the GAPDH band (panel B). The densities of the zero hour time points were
then normalized as 1 to which other time points were compared (panel C).
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Figure 19. In vitro propanil exposure did not affect TNF-a message stability. Thioglycollateelicited peritoneal macrophage cultures were stimulated with 10 Jig/ml LPS and treated with either
medium containing vehicle (control) or 0.02 mM propanil for 2 hours. Actinomycin D (5 pg/ml)
was then added to the cultures to stop any new transcription. Zero (lane 1 and 5), 15 minutes (lane
2 and 6), 30 minutes (lane 3 and 7), or 45 minutes (lane 4 and 8) after the addition of actinomycin
D, total RNA was extracted from the macrophages. Northern blot analysis was performed for
TNF-a and GAPDH (panel A). Relative levels of the TNF-a message were determined as a ratio
between the density of the TNF-a band and that of the GAPDH band (panel B). The densities of
the zero minute time points were then normalized as 1 to which other time points were compared
(panel C).
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Figure 20. The inhibition of cytokine production by propanil. Thioglycollate-elicited peritoneal
macrophages were stimulated in vitro with 10 |ig/ml LPS. Zero, 0.5, 1,4, or 6 hours after the
pre-stimulation with LPS, propanil (0.02 mM) was added to the cultures. After 24 hours of total
LPS stimulation, the supernatants were collected from the cultures, IL-6 (A) and TNF-a (B)
production were measured by ELISA and L929 bioassay, respectively.
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Figure 20

C/3

Figure 21. Effect of propanil on LPS-induced intracellular Ca2+release in macrophages.
Thioglycollate-elicited peritoneal macrophages were incubated in the experimental chamber at room
temperature. Ten pg/ml of LPS was added to the culture as indicated by the arrow with or without
the presence of 0.02 mM propanil. Changes in intracellular Ca2+were measured using a Spex
Industries model 1681 0.22 m spectrofluorometer, as described in the Materials and Methods.
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Figure 22. Effect of in vitro propanil exposure on LPS binding to macrophages. Thioglycollateelicited peritoneal macrophages were incubated with medium or FITC-LPS (80 (ig/ml) in the
presence or absence of 0.02 mM propanil at room temperature for 3 hours. The samples were then
washed once with 1 x PBS and analyzed using a Becton-Dickinson FACScan flow cytometer.
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Figure 23. Effect of in vitro exposure to propanil on DP3 levels in macrophages. IC-21 cells were
incubated in PBS containing 10 jig/ml of LPS with or without the presence of 0.02 mM propanil.
After either 0, 0.5, 5, or 15 minutes of incubation, IP3 was extracted from the cells, and measured
using a radioimmunoassay kit, as described in the Materials and Methods
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ADDENDUM TO STUDY 3
Although the major cell population of PECs is macrophage, FACscan analysis
demonstrated that there were approximately 3% T cells and 7% NK cells in the PECs. In order to
reveal the effects of propanil on pure macrophage population and to evaluate the in vitro system
using PECs, both IC-21 cell line and PECs from C57B1/6 mice were used in cytokine production
(Study 2), the measurement of intracellular Ca2+, and IP3 measurement. IC-21 is a macrophage
cell line derived by transformation of normal C57B1/6 mouse peritoneal macrophages with S V40
virus. It resembles the characteristics of thioglycollate-elicited peritoneal macrophages in response
to LPS stimulation.
The peak time of LPS-induced IP3 is about 5 minutes in both IC-21 cells (Figure 23) and
PECs (Figure 24). The increasing effects of propanil on intracellular IP3 in IC-21 cell line and in
PECs follow a similar pattern (Figure 23 and 24). In addition, propanil increases the levels of IP3
in PECs in a concentration-dependent manner (Figure 25), which correlates to its effects on
cytokine production by PECs (Figure 10).
Like in PECs, propanil completely abrogates the release of intracellular Ca2+ in IC-21 cell
line (Figure 26), although the level of intracellular Ca2+release is greater in IC-21 cells than that in
PECs following LPS stimulation (Figure 26 and Figure 21).
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Figure 24
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the presence of 0.02 mM propanil. After either 0, 0.5, 5 or 15 minutes of incubation,
EP3 was extracted from the cells, and measured using a radioimmunoassay kit.
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Figure 26. Effect of propanil on LPS-induced intracellular Ca2+release in IC-2I macrophage cell
line. IC-21 cells were incubated in the experimental chamber at room temperature. Ten (Ig/ml of
LPS was added to the culture as indicated by the arrow with or without the presence of 0.02 mM
propanil. Changes in intracellular Ca2+were measured using a Spex Industries model 1681 0.22 m
spectrofluorometer, as described in the Materials and Methods.
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GENERAL DISCUSSION
Propanil has previously been demonstrated to have toxic effects on humoral immunity,
cellular immunity and hematopoiesis in animals. The main focus of this dissertation has two
aspects: 1) To examine whether the production of proinflammatory cytokine by macrophages was
affected by propanil treatment, and to establish a model to explain the previously demonstrated
propanil immunotoxicity in animals. 2) To reveal the molecular mechanism(s) involved in the
propanil-induced alterations in macrophage cytokine production.

I . Both In Vivo and In Vitro Propanil Exposure Reduce Proinflammatory
Cytokine Production by Activated Macrophages.
Theus, etal. (1993) demonstrated that i.p. propanil exposure significantly altered
macrophage cytotoxicity. They also found that the cytokine profile by activated macrophages was
affected by propanil treatment, which might contribute to the observed changes in target cell
killing. Our in vivo studies demonstrate that acute i.p. propanil exposure reduced the
proinflammatory cytokine (IL-6, TNF-a and EL-1P) production by LPS-activated thioglycollateelicited peritoneal macrophages, although it did not significantly affect the kinetics of cytokine
secretion shown by the ex vivo time course study. In addition, both 3 and 7 day post-oralexposure with propanil manifested similar inhibitory effects on LPS-induced EL-6, TNF-a, and
IL-1P production by thioglycollate-elicited peritoneal macrophages (Study 1). Our experiments of
in vitro propanil exposure also demonstrated that the inhibition of cytokine production caused by
propanil was at both the protein level and the message level (Study 2).
Because of the possible metabolic breakdown of propanil by the liver enzymes in the in
vivo system, it was necessary to study the role of the metabolites of propanil in propanil-induced
cytokine reduction. DCA is the most well studied and documented primary metabolite of propanil
(Dahchour, et al. 1986; Bartha and Pramer, 1967; Singleton and Murphy, 1973; McMillan et al.
1990; Bamett, et al. 1992). It has been reported that DCA becomes detectable in animal tissues
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shortly after the administration of propanil and retains up to 48 hours, during which the level of
propanil decreases rapidly. The level of DCA in blood, liver, lung, heart, kidneys, spleen, and
adrenals starts to drop after 48 hours, indicating the breakdown of DCA and the generation of its
subsequent metabolites (USSR State Committee for Science and Technology, 1984). McMillan et
al. (1990) demonstrated that the hydrolysis of propanil into DCA and its further metabolism to Nhydroxy-DCA and 6-hydroxy-DCA may contribute to the propanil-induced methemoglobinemia in
rats. Barnett and Gandy (1992) also demonstrated that DCA at the molar equivalent concentrations
caused similar immunological alterations as propanil, except that its effect on T-dependent antibody
production required a higher concentration than that of the parental compound. Our work
demonstrate that, unlike propanil, in vivo acute DCA exposure did not have any immediate (3 daypost-exposure) toxic effect on cytokine production, although 7 day-post-exposure to DCA
significantly inhibited cytokine production by macrophages. Moreover, our studies demonstrate
that it took 10 times the concentration of DCA as propanil to reduce cytokine production at a
comparable level in vitro (Study I). Taken together, these data suggest that the immediate
reduction of cytokine secretion by macrophages from propanil-treated animals may be due to the
direct toxic effect of the parental compound, whereas the late effect of propanil treatment may be
associated with the further metabolic breakdown of DCA. Thus, we conclude that propanil
exposure significantly inhibits macrophage cytokine production. And the parental compound has a
more direct immunotoxic effect on cytokine production than its primary metabolite, DCA.
The general toxicity of propanil in animals have been studied for many years (Chapter 1,
Literature Review). Besides macrophage, our laboratory also investigated the immunomodulate
effects of propanil using a T-lymphocyte model. The following discussions are focused on how
our findings of propanil’s suppressive effects on macrophage cytokine production fit in the big
picture of propanil immunotoxicity. We also propose that our results provide at least some
explanations for the previously demonstrated immunotoxic effects of propanil.
It has been discussed in Chapter 2 of the Literature Review that the proinflammatory
cytokines, including IL-6, TNF-a and IL-ip, are involved in regulating the immune responses,
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including both specific and non-specific immunity. In the case of specific immunity, all three
cytokines can act as costimulatory factors for T cell activation mainly by either inducing the T cell
production of IL-2 or increasing the expression of IL-2 receptors on T lymphocytes. TNF-a and
EL-1 have also been demonstrated to be able to induce the production of IFN-yby T lymphocytes
(Waldmann, T. A. 1993). Therefore, our results of propanil reducing macrophage EL-6, TNF-a,
and IL-ip production leads to a question: whether the production of T cell cytokines, such as EL-2
and EFN-y, are affected by propanil treatment? Zhao et al. (unpublished results) demonstrate that
propanil treatment results in less production of EL-2, EFN-y, EL-6 and GM-CSF by splenic T
lymphocytes in response to T cell mitogen. Since IL-2, EFN-y, and other T cell cytokines have
also been reported to be able to synergize with LPS in promoting macrophage cytokine production
(Arai, et al. 1990; Balkwill and Burke, 1989), it is not clear that in the in vivo situation, which cell
type (macrophage or T cell) is the direct target of propanil's action. In fact, it is possible that both
macrophage and T lymphocyte are directly affected by propanil. The interaction between the two
cell types via cytokine regulation makes the effects of propanil more profound, resulting in a much
broader immunotoxicity of this herbicide. For example, one of the direct outcomes of propanilinduced inhibition on macrophage and T cell cytokine production is the reduced antibody
production by B cells which plays a key role in generating a humoral immune response. As shown
by Barnett and Gandy (1989), T-dependent antibody production was greatly reduced by propanil
treatment at concentrations as low as 50 mg/kg, suggesting that T-dependent antibody production
is one of the most sensitive index of propanil toxicity. This is consistent with the fact that both
macrophages and T lymphocytes, two of the three cell types involved in generating the Tdependent antibody response, are affected by propanil treatment. Moreover, DCA, which has
previously been demonstrated to be able to reduce cytokine production by macrophages only at
higher doses (Study 1 and 2), has a less inhibitory effect on the T-dependent antibody production
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(Barnett, et al. 1992). In comparison, T-independent antibody production which does not require
the participation of T lymphocytes and antigen presenting cells, was affected by propanil only at a
high dose, 200 mg/kg (Barnett and Gandy, 1989). Therefore, the reduced T-dependent antibody
production may be secondary to propanil’s effects on macrophage and T cell cytokine production,
although B lymphocytes may also be directly affected.
Among all the roles that the proinflammatory cytokines play in generating a non-specific
immune response, the induction of acute-phase proteins is the most unique function achieved by
IL- , TNF-a and IL-ip (Arai, etal. 1990; Kishimoto, et al. 1992). The acute phase proteins
6

provide early protection by restricting the tissue damage to the site of infection or tissue injury.
For example, it has been reported that the serum level of C-reactive protein, a prototypic acutephase protein, increases by 1000-fold during an acute-phase response (Akira and Kishimoto,
1992). C-reactive protein binds to a wide variety of microorganisms and activates complement,
leading to the deposition of a complement component, C3b, on the surface of the microorganisms.
As a result, phagocytic cells which express C3b receptors, such as activated macrophages, can
then readily phagocytose the C3b-coated microorganisms (Akira and Kishimoto, 1992). Although
the development of an acute-phase response in propanil-treated animals has not been evaluated, the
shut down of the production of all three proinflammatory cytokines may affect the early non
specific immune response in propanil-treated animals. In other words, propanil-exposed
individuals may be more susceptible to infections than normal ones. Finally, propanil-induced
reduction in contact hypersensitivity reaction and its myelotoxic effects in animals can also be
related to the decreased cytokine production by macrophages. Detailed discussion may be found in
the discussion of Study 1.
Taken together, we conclude that the overall immunotoxicity of propanil can be explained,
at least partially, by the reduced cytokine production of macrophages.
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II. One of the Mechanisms of Propanil-induced Inhibition on Cytokine Production
Lies in the Unique Structural Homology Between Propanil and IP3 M olecules.
Despite the different cell sources, propanil treatment inhibits the production of IL

- 6

by both

macrophages and splenic T lymphocytes, which implies the involvement of a common element in
both macrophage and T cell activation. It has been reported that a pathway which involves the
breakdown of the membrane associated PIP into IP and DAG, and the subsequent generation of
2

3

intracellular Ca2+influx followed by the activation of PKC is used by both LPS-induced
macrophage activation and mitogen-mediated T cell activation (Prpic, et al. 1987; Gardner, P.
1989). Our results demonstrate that without affecting the binding ability of LPS to the
macrophages, propanil dramatically diminished the intracellular Ca2+release. In addition,
measurement of intracellular IP level demonstrated a significant increase of IP in propanil-treated
3

3

macrophages (Study 3). Therefore, it is hypothesized that propanil blocks the binding of IP to its
3

receptor, resulting in the abrogation of intracellular Ca2+release and the inhibition of cytokine
production. The structural comparison of propanil molecule versus EP3 molecule was performed,
since it is possible that propanil might compete with EP for the binding of IP Rs. Although this
3

3

kind of approach has never been used in toxicology study of a herbicide, receptor binding studies
for drugs and their physiologically important homologous (such as antidepressants and
neurotransmitters) have been carried out for many years. For example, atropine, an
antidepressant, acts as antagonist and binds to acetylcholine receptor very efficiently (Kanba and
Richelson, 1986). The two molecules, atropine and acetylcholine, have a RMS value of 0.249
(small number indicates greater homology in structures). Structural comparison between propanil
and IP molecules showed that the structures for both molecules resembled each other to produce a
3

RMS of 0.221. Therefore, there is sufficient molecular similarity between the two molecules that
propanil may be competing with IP for the binding of IP Rs.
3

3

A question generated from this hypothesis is: since IP is a second messenger commonly
3

used by many different types of cells in response to extracellular stimuli, what is the regulatory
element determining the cell type specificity of propanil’s action?
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Interestingly, although helper T cells, NK cells, and macrophages are affected by propanil
treatment, CTL activity against P815 target is not affected by propanil (Barnett, et al. 1992). One
factor that might contribute to the cell type specificity of propanil toxicity is the distribution of
different IP R subtypes among various cells. For example, although both T and B cells express
3

IP R type-II and -HI, mature T cells tend to express more type-HI than type-H, whereas mature B
3

cells predominantly express type-H receptor. Thioglycollate-elicited peritoneal macrophages
predominantly express type-H receptor with the co-expression of small amount of type-I and -HI
(Sugiyama, et al. 1994a and 1994b). Although type-H and type-HI share 65% and 62% sequence
homology with type-I receptor, respectively, each subtype of the receptor may have its unique
characteristics in molecular structure, affinity for IP binding, and co-ligand(s) (Sudhof, et al.
3

1991; Blondel, etal. 1993; Maranto, etal. 1994). In addition, formation of IP R heterotetramers
3

versus homotetramers adds the complexity of determining the effect of propanil on a particular cell
type. The distribution of IP3R subtypes in different T lymphocyte populations has not been
studied, therefore, it is not known whether this may account for the unaffected CTL activity by
propanil. Recently, both a perforin-based and a Fas-based mechanism have been proposed to
account for T cell-mediated cytotoxicity (Anel et al. 1994). It has been reported that the signal
transduction events that trigger perforin killing and Fas ligand/Fas mechanism are distinct (Esser,
et al. 1996). The generation of Fas-mediated killing does not require the mobilization of
intracellular Ca2+(Esser, et al. 1996; Kuwano and Arai, 1994), whereas the perforin/granule
exocytosis mechanism requires the hydrolysis of PEP and the subsequent generation of IP32

induced [Ca2+]j influx (Esser, et al. 1996; Rosato, et al. 1994). Kuwano and Arai (1994) reported
that an immunosuppressant FK506, which inhibited Ca2+-associated intracellular signals in CTL,
failed to inhibit lysis of P815 target cells, indicating that the mechanism involved in P815 killing by
CTL may be Ca +-independent. Thus, the target of propanil’s action, IP binding to its receptors,
2

3

may not be essential for CTL-mediated P815 killing.
Despite the fact that EP3-induced [Ca2+]j release in both T cell and macrophage may be
affected by propanil, Zhao et al. (unpublished results) demonstrated that propanil treatment
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significantly reduced the stability of IL-2 mRNA in T cells, whereas our work showed that
propanil treatment did not affect the degradation rate of either IL

- 6

or TNF-a mRNA in

macrophages. These results suggest that abrogation of IP3-induced [Ca2+]; release may not be the
only mechanism involved in propanil’s action. Since the AU-rich region in the 3’ untranslated tail
of mRNA has been reported to play an important role in assisting EL-2 mRNA degradation
(Mondino and Jenkins, 1995), it is concluded by Zhao et al. that propanil, through some unknown
mechanisms, may induce the generation of the binding proteins for the AU-rich sequence which
promote the degradation of IL-2 mRNA. Furthermore, Zhao et al. showed that bypass of the PIP

2

hydrolysis and EP3-induced [Ca2+]srelease by PMA and calcium ionophore did not diminish the
inhibitory effect of propanil on IL-2 production by EL-4 cells. Therefore, the competition between
propanil and IPj molecules for the binding of IP3Rs may not be the sole mechanism involved in
propanil immunotoxicity.

In summary, our work has demonstrated that propanil exposure significantly inhibits EL- ,
6

TNF-a, and EL-1 (3 production by murine macrophages at both protein and message levels, which
may contribute to the previously demonstrated immunotoxic effects of propanil. Mechanistic
studies on propanil-induced inhibition on cytokine production reveal that the structural homology
between propanil and EP molecules may play a critical role in interfering the normal signaling
3

required for LPS-induced cytokine production by macrophages. Therefore, our findings suggest a
molecular mechanism for the propanil-induced immunotoxicity in animals.
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